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Abstract
Electrogenerated chemiluminescence (ECL, or electrochemiluminescence) is an
important analytical technique of increasing interest to the field of analytical science.
ECL is the basis for an increasing number of commercial devices, and can be used
to detect a wide range of analytes in clinical diagnostic, environmental, and research
fields.
In this thesis, different aspects of ECL based sensing are explored with the broad
aims of gaining insight into fundamental aspects of the chemistry as well as the
development of new approaches and techniques. Solution phase ECL is exploited
using a custom built flow injection analysis (FIA) system, to investigate the analytical
utility of various complexes with a range of co-reactant analytes, and to examine the
influence of factors such as background ECL intensity, and stability of the oxidised
form.

The 1,10-phenanthroline complexes have frequently been credited in the

literature with superior sensitivity in ECL. We thoroughly investigate this claim by
varying the number of substituted phenanthroline ligands (n = 0 to 3), in place of
bipyridine ligands, and comparing the detection limits of a number of co-reactants
with the prototypic ECL active ruthenium complex, Ru(bpy)32+. We found that while
the 1,10-phenanthroline complexes exhibited increased emission intensity with some
co-reactants, the blank signal also increased proportionately, resulting in negligible
improvements in detection limits, with the exception of oxalate.
As the luminophore is not consumed in the ECL process, and in many cases can be
regenerated, the development of reagentless sensors via immobilisation is possible.
Towards this end, a new electrode modification technique for immobilising
electrochemiluminescent complexes on electrodes is explored.

The amphiphilic

molecule phytantriol is used to form a cubic phase liquid crystal doped with an ECL
active ruthenium complex in situ on an electrode surface. The ruthenium complexes
used in the study are tailored to be efficiently immobilised in mesophases, and the
electrochemical and ECL properties of the resultant electrodes were investigated,
including analytical applications.

ECL active layers of ruthenium complexes in

mesophases were successfully deposited on electrodes, and the electrochemical
characteristics of these layers determined.

The electrodes allowed the sensitive

determination of oxalate, codeine and tri-n-propylamine, with sub-micromolar
detection limits, and good electrochemical stability.

VI

Multiplexed analysis is essential for increasing sample throughput, as well as
reducing cost, and screening for multiple analytes in a low volume sample. Tuneable
emission properties from mixtures of luminescent iridium and ruthenium complexes
with distinct electrochemical and photophysical properties were investigated, with a
view towards multiplexed sensing. We demonstrate a selectable and concomitant
emission from a mixture of two complexes. The complete and reversible switching
between the emissions from two distinct ECL luminophores within the same solution
was demonstrated for the first time, and was controlled by the applied potential. A
mechanism for this phenomenon was also presented. These techniques could be
used to enhance current multiplexed ECL assays.
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Chapter 1 Introduction

1.1 ECL Fundamentals
Electrogenerated chemiluminescence, also known as electrochemiluminescence
(ECL) is the luminescent emission which results from electron transfer reactions
between

electrochemically

generated

intermediates.

ECL

is

similar

to

chemiluminescence (CL) in that light emission is generated without photoexcitation,
following a chemical reaction; however with ECL the intermediates are generated via
heterogeneous and/or homogenous redox processes at an electrode. The species
generated undergo highly exergonic reactions, which produce excited states that
subsequently emit light on returning to the ground state.

The first detailed ECL

studies were undertaken by Hercules and Bard 1,2 in the mid 1960‟s, although
observations of emission of light from electrolysis reactions had been reported in the
literature earlier than this.3
Since the initial reports of ECL over forty years ago, the technique has developed
into a powerful analytical tool which is routinely used in many areas such as food and
water testing, and bio-warfare agent detection, typically in the form of ECL
immunoassays.

ECL has also been developed as a highly sensitive detection

technique applicable to systems such as flow injection analysis (FIA), high pressure
liquid chromatography (HPLC), capillary electrophoresis (CE), and lab-on-a-chip
applications.

From the point of view of analytical chemistry, the combination of

aspects of spectroscopy and electrochemistry in one technique affords ECL a
number of advantages.

It provides spatial and temporal control over the light

generating reaction, i.e. the reaction only occurs in close proximity to the electrode
surface, and only when an appropriate potential is applied. Control of the timing
means the light emitting step can be coordinated with other processes, allowing
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synchronisation of ECL with events related to enzyme catalysis or immunoassay
binding processes.

Spatial control allows the emitting surface to be optimally

positioned in relation to the detector to gain maximum signal intensity. ECL reactions
are also relatively selective, because only a limited subset of molecules are able to
take part in the co-reactant pathway, and the generation of oxidised and reduced
states can be controlled by modulating the potential applied to the electrode.
In many cases, the active form of the ECL reagent is regenerated during the
measurement cycle, as is the case with the prototypical electrochemiluminophore;
Ru(bpy)32+. As outlined in the mechanisms discussed in Scheme 1 and 2, after each
photon is emitted the ruthenium complex is free to take place in another ECL cycle,
resulting in many emission events from each electrochemical experiment, particularly
in cases where the co-reactant concentration is in excess of that of the luminophore.
This enhances sensitivity, and linear range. This ability to be recycled also allows
reusable modified electrodes to be exploited as ECL sensors. Moreover, in contrast
to spectroscopic techniques, ECL does not require an excitation light source. This
often results in a much lower background, translating to far lower detection limits.
Metal chelate ECL was first reported in 1972 by Tokel and Bard 4 for Ru(bpy)32+,
following discovery of its luminescence and investigation of its spectroscopic
properties in 1959 by Paris and Brandt.5 Ru(bpy)32+ was the first reported inorganic
complex to exhibit ECL. Ru(bpy)32+ is overwhelmingly the most commonly used ECL
reagent for analytical applications due to its excellent chemical, electrochemical, and
photochemical properties, especially in aqueous media.6

Ruthenium complexes

exhibit a characteristic red ECL, ranging from about 580 nm through to approximately
700 nm. Apart from ruthenium complexes, iridium based materials have grown in
popularity in recent years as potential alternative electrochemiluminophores. ECL of
iridium based compounds will be discussed in Chapter 4, such complexes often
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exhibit higher quantum efficiencies, and a more readily tuneable emission
wavelength,7-9 ranging from blue through to red.
ECL can be produced via different pathways. The ion annihilation route was the first
ECL pathway to be explored. As shown in equations 1 to 4 of Scheme 1, annihilation
ECL occurs when both oxidised and reduced forms of the parent luminophore are
produced sequentially at an electrode surface. These species react, producing an
excited state, which then relaxes and emits light.

Scheme 1: Annihilation ECL
R - e  R•+ (oxidation at electrode)

(1)

R + e  R•- (reduction at electrode)

(2)

R•+ + R•-  R + R* (annihilation and excited state formation)

(3)

R*  R + h (light emission)

(4)

Many early reports of annihilation ECL focussed on organic species such as rubrene
and diphenylanthracene (DPA).1,2,10,11 Analytical applications of these systems were
limited however, as the strict organic environments required for reliable ECL
generation via annihilation and limited range of analytes made the technique
impractical. However, these early studies hinted at the vast potential of ECL as the
basis for an analytical technique.
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Scheme 2: Co-reactant ECL, oxalate
Ru(bpy)32+  Ru(bpy)33+ + e- (at electrode)

(5)

Ru(bpy)33+ + C2O42-  Ru(bpy)32+ + C2O4-•

(6)

C2O4•-  CO2 + CO2•-

(7)

CO2•- + Ru(bpy)33+  Ru(bpy)32+* + CO2

(8)

CO2•- + Ru(bpy)32+  Ru(bpy)3+ + CO2

(9)

Ru(bpy)32+*  Ru(bpy)32+ + h

(10)

The other ECL pathway, and that which is most relevant to this work, is the coreactant route. The co-reactant pathway typically relies on oxidative generation of a
suitable reductant for the reaction with the oxidised luminophore, (e.g. Ru(bpy)33+).
Co-reactant ECL of Ru(bpy)32+ with oxalate was first demonstrated (in organic media)
in 1977 by Chang and co-workers.12

As shown in equations 5 to 10,

electrogenerated Ru(bpy)33+ oxidises oxalate (equation 6), which forms a highly
reducing CO2•- radical anion (equation 7), which can then reduce Ru(bpy)33+
generating an excited state followed by light emission (equations 8 and 10).
Alternatively, CO2•- might reduce Ru(bpy)22+ to the 1+ complex (equation 9), allowing
ion annihilation to take place with the simultaneously generated Ru(III) state. This
process is referred to as an “oxidative-reduction” ECL pathway, where highly
reducing species are generated after electrochemical oxidation of a co-reactant.
Reductive-oxidation co-reactant ECL is also possible but less common. For example
persulphate (S2O82-) forms the highly oxidising SO4•- anion on reduction, which can
react with Ru(bpy)33+ to form an excited state.13

Ru(bpy)32+ opened up the

possibilities of aqueous ECL generation due to its solubility. The oxalate co-reactant
system was the first aqueous based ECL system reported by Rubinstein and Bard14
in 1981.
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Many other compounds have been found to be efficient co-reactants, however for
analytical applications of ECL, tri-n-propylamine (TPA) has been the most important.
CL with aliphatic amines was first reported in 1987 by Noffsinger and Danielson.15
TPA was first reported as a co-reactant for ECL in 1990 by Leyland and Powell.16
Many co-reactants for ECL have since been identified over the years of research.
Typically, amine co-reactant ECL decreases in the order tertiary > secondary >
primary. A number of studies have attempted to correlate structural features with
ECL intensity,17 however the issue is complex, and only basic structural relationships
have been identified, with the stability conveyed by the structure on the radical
intermediate being of some importance .
ECL may be exploited as an analytical method in two ways; that is, either the coreactant or the ruthenium complex itself may be quantified by measuring the
emission intensity. Thus, a constant concentration of luminophore can be used to
detect varying levels of co-reactant, or alternatively, minute levels of luminophore can
be measured in the presence of a high concentration of co-reactant. The general
field of ECL sensing, as well as coupling ECL with other technologies, has been the
subject of a number of in-depth reviews in the literature in the last decade.18-37 Coreactant detection is generally used in applications such as ECL coupled with FIA,
CE, or HPLC applications, or enzyme linked assays. The second mode is used in a
wide variety of bio-assays, where the analyte is labelled with the ECL active
luminophore to enable detection.
Co-reactants

for

ECL

have

been

extensively

covered

in

a

number

of

reviews,23,25,33,36,38,39 and include a wide range of pharmaceuticals, drugs of abuse, as
well as pesticides, etc. These compounds can be directly detected via ECL with
Ru(bpy)32+.

Until recent reports of ECL generated from the co-reactant di-

butylaminoethanol (DBAE),40,41 TPA has exhibited the highest intensity co-reactant
ECL, and as such has been the principal co-reactant used in all commercial ECL
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applications.

TPA is also commonly the co-reactant used for optimisation, for

example, exploring new methods of luminophore immobilisation. The mechanisms of
the Ru(bpy)32+/TPA ECL system have received much attention and study in recent
times, with a number of different pathways elucidated.42,43

Scheme 3

Scheme 4

Scheme 5

Scheme 6

Schemes 3 to 6: proposed mechanisms for co-reactant ECL emission from the Ru(bpy)32+/TPA (TPrA in
3+
diagram) system. Scheme 3: electrogenerated Ru(bpy)3 reacts with TPA, forming the radical species,
as well as direct TPA oxidation at the electrode. Scheme 4: the TPA radical reacts with Ru(bpy)32+
generating ECL via annihilation. Scheme 5: no direct oxidation of TPA occurs. Scheme 6: no direct
oxidation of Ru(bpy)32+ occurs. Image adapted from reference 42.
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Four mechanisms contributing to the co-reactant ECL of TPA with Ru(bpy)32+ are
outlined in schemes 3 to 6, reported by Miao and co-workers.42 Depending on the
experimental conditions (concentrations, pH, and type of ECL system) various
different routes are responsible for generating the bulk of the ECL. Scheme 3 and 4
are generally the dominant routes in co-reactant systems where Ru(bpy)32+
concentrations are higher or equal to that of the co-reactant (as with most situations
discussed in this thesis). Scheme 5 will only contribute a large amount of the ECL
when TPA concentrations are very low in comparison to Ru(bpy)32+, or TPA is unable
to access the electrode surface directly. Scheme 6 is the reverse, and can dominate
when Ru(bpy)32+ concentrations are extremely low.

Alternatively, if the applied

potential is only sufficient to oxidise TPA and not Ru(bpy)32+ then under some
conditions, this scheme can dominate. This can also be the case if Ru(bpy)32+ is
immobilised on, for example, magnetic beads, at a distance too far from the electrode
surface for direct oxidation to occur.

1.1.1 ECL Theory
ECL is a highly exergonic process involving fast, energetic electron transfer in the
step leading to the excited state, with energies of the order of 2 to 4 eV.6 Many indepth studies into the theoretical aspects of ECL have been reported in the literature,
involving both organic and inorganic ECL systems.44 These studies are important
because a strong theoretical understanding of the processes underpinning ECL
emission allows for more precise prediction and simulation of ECL system behaviour,
leading to directed investigation into new luminophores and co-reactants, as well as
optimising conditions in currently used ECL systems.
The light emitting species in ECL reactions are produced via a reaction between
oxidised and reduced radical ions. The oxidised species presents a “hole” in its
highest occupied molecular orbital (HOMO) (Ru 3+ in the mechanisms discussed
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here), while the reduced species presents an electron in its lowest unoccupied
molecular orbital (LUMO), (Ru+ or TPA• in mechanisms discussed here).

The

reaction between these species would thermodynamically favour the formation of
ground state products, however, kinetic considerations and the Frank-Condon
principal result in this pathway not being followed.

This is because the electron

transfer event happens rapidly, compared to the period of a bond vibration. In order
for the ground state product to be formed, the highly exergonic reaction would require
a large amount of energy to be dissipated via vibrational modes (Figure 1.1). This is
difficult for a reacting system on such a short timescale, and a Franck-Condon
limitation applies,45-47 resulting in a very low rate of reaction for this pathway (B in
Figure 1.1). The alternative is the formation of an excited state. This reaction still
possesses a negative ∆G and thus is spontaneous, however the energy required to
be dissipated via mechanical modes is greatly lessened (of the order of 0.2 eV),
making formation of the excited state more favourable (pathway A in Figure 1.1).
Experiments by Wallace and Bard 48 showed that under some conditions, the
efficiency of the excited state formation from the reaction of Ru(bpy) 3+ and Ru(bpy)33+
is close to unity, and that the ECL yield is virtually identical to the photoluminescence
quantum yield.
Thus, assuming that the free energy available from the reaction between the oxidised
and reduced species is equal to or greater than the difference between the excited
and ground state, and that the activation energy barriers are low enough for fast
electron transfer, efficient generation of excited states may occur. Marcus theory
describes the energetics of electron transfer in terms of the reorganisation required of
both a solvent shell and a bonding environment after an electron transfer.

The

Marcus inverted region is a feature of Marcus electron transfer theory that predicts
slower, rather than faster reaction kinetics for highly exothermic reactions. Thus, the
generation of excited state products can be thought of as occurring in the Marcus
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normal region (smaller G, high rate of reaction), while direct electron transfer
leading to ground state products occurs in the inverted region, and is thus kinetically
inhibited.

CL and ECL processes are considered proof of the existence of the

Marcus inverted region.6

Figure 1.1: Molecular orbital diagram showing alternative pathways for electron transfer between
+
oxidised and reduced precursors R and R . (A): Formation of an excited state, and (B): direct
production of ground state products. Image adapted from reference 44.
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1.2 Co-Reactant ECL Applications
As mentioned, a range of analytes have the capability to act as co-reactants. Thus,
analytes for these types of systems must possess features conferring high ECL
activity, or the ability to be derivatised on-line to form an ECL active analyte (for
example, on-line derivitisation of amino acids).49,50 ECL is often used to detect these
compounds in “batch” mode – that is, in a traditional three electrode cell, with
provision to detect light from the surface of the working electrode. The cell is placed
on top of or adjacent to a suitable detector, for example a photomultiplier tube (PMT),
or if spectra are required, a charge coupled device (CCD).

These types of

experiments are useful for proof of concept and to optimise reactions, however they
are somewhat inconvenient for analysis of real world samples.
ECL can be used as a simple detection technique for an FIA system,51 and this
technique is discussed in depth in Chapter 2. In order for basic co-reactant ECL to
be a more analytically useful technique, and allow for multi-analyte detection, some
method of selectivity typically needs to be introduced. This has been achieved by
combining ECL with separation techniques such as HPLC or CE, or more recently,
miniaturised CE on-a-chip. A wide range of applications have been developed using
solution phase ECL as a post column detection method for HPLC. Examples include
the detection of oxalate,52-54 aliphatic amines,55 antihistamines,56 amino acids,57-59
and alkaloids,60 to name a few.

The field has been covered in numerous

reviews.34,61-64
In recent years, CE has received the most attention, with several reviews published
in this area.21,30,31 CE offers a number of advantages over HPLC, generally delivering
higher efficiency and faster separation of complex mixtures, including a higher
tolerance to complex sample matrices. Injection volumes and flow rates are also
orders of magnitude lower, minimising the sample required and reagent
consumption. CE with ECL detection has been applied to a large range of mixtures
10
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to determine numerous compounds, including amino acids,49,65,66 amines,67-69
narcotics,70 pharmaceuticals, and clinically

relevant analytes.71-75

CE-ECL

techniques can be quite sensitive, often achieving nano-molar detection limits.
Figure 1.2 shows a more recent ECL-CE flow cell design by Cao and Wang. 76 This
cell was designed without a column fracture or break. Instead the column exit was
separated physically from the electrode, and a small capillary in combination with low
conductivity running buffer was used. This system was used successfully for the
determination of tramadol and lidocaine in human urine, with limits of detection (LOD)
of the order of 10-8 M and recoveries above 95%.

Figure 1.2: ECL-CE detection cell for on-line generation of Ru(bpy)32+. (1) Stainless steel holding screw,
(2) PVC capillary holder, (3) stainless steel tube, (4) separation capillary, (5) reference electrode, (6)
counter electrode, (7) Nylon screws for alignment, (8) working electrode cable, (9) PVC electrode
holder, (10) working electrode (300 µm Pt), (11) optic glass window, (12) PMT. Image adapted from
reference 76.

11

Chapter 1 Introduction

CE on-a-chip (microchip electrophoresis, ME-ECL) is an exciting field of
development. This is because CE as a separation technique benefits greatly from
miniaturisation, due to the ease with which high strength electric fields can be
generated on small scales, the minute sample requirements, and the large surface
area to volume ratio. These factors, and the low cost and high sensitivity of ECL
detection, make ME-ECL a good basis on which to develop “micro Total Analysis
Systems” (µTAS). Wang and co-workers77 were the first to describe a microchip CE
system constructed from poly(dimethylsiloxane) (PDMS) with an integrated indium tin
oxide (ITO) glass electrode for Ru(bpy)32+ based ECL detection.

Figure 1.3: Schematic of PDMS ME-ECL integrated device. (a): Top view of the PDMS layer and
electrode plate. Separation channel dimensions: 15 µm deep x 48 µm wide at the bottom and 60 µm
wide at the top. Length = 45 mm from the sample/buffer intersection to the detection reservoir.
(b): Enlargement of the detection region showing ITO electrode. Distance from channel to electrode is
30 µm. Adapted from reference 77.
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A diagram of the ME-ECL device is shown in Figure 1.3. PDMS is far cheaper, as
well as easier to manufacture and prototype when compared to glass or silicon
alternatives.

This system was used to initially demonstrate the separation and

detection of proline and TPA, 77 and later antibiotics in urine 78 as well as the presence
of narcotics.79

1.2.1 Commercial ECL Instrumentation
Commercially, ECL instruments have been on the market since 1994, with the first
instrument produced by Igen International Inc.80 (now BioVeris, part of Roche
Diagnostics Corp).81

All current commercial instruments based on ECL measure

the light emitted from ECL labels which selectively bind to an analyte of interest,
typically in a sandwich type assay (binding mechanisms will be covered in section
1.4).
In all commercial instruments, with the exception of those sold by Meso Scale
Discovery (MSD), the sandwich assay is performed on the surface of specially
modified paramagnetic beads. The ECL is generated in a solution containing excess
co-reactant (TPA), after multiple washing steps to remove any unbound labels.
Labels are available for hundreds of bio-related analytes.82 The BioVeris instruments
use a flow-cell type device for analysis, similar to that shown in Figure 1.4. A magnet
is used to control the localisation of the magnetic beads at the electrode surface,
before ECL is generated by application of a potential. Light intensity is read by a
photodiode, PMT, or imaged using a CCD camera. A number of ECL instruments
are shown in Figure 1.5.
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Figure 1.4: Schematic for a flow cell based on BioVeris technology as used in commercial ECL
instruments. Paramagnetic beads are used as a solid support for assay binding events, and can be
held at close proximity to the electrode using an electromagnet for ECL generation. Adapted from
reference 26.

The magnetic bead method pre-concentration approach has a number of
advantages. The beads can easily move about in solution, facilitating analyte-bead,
and analyte-label binding events. After the reaction has taken place, the beads are
held magnetically while the cell is flushed multiple times to remove any non-bound
labels. Beads are held on the electrode surface for ECL generation, with most ECL
being generated via scheme 6. Once the analysis is complete, the beads can easily
be flushed from the flow cell, preparing the instrument for subsequent analyses.
Using these techniques, these instruments can routinely detect picomolar
concentrations of analytes of interest.
More recently MSD introduced a series of instruments under the Sector™ brand 83 (H
and I in Figure 1.5). Similar to the previously described approaches, these systems
use a derivative of Ru(bpy)32+ for co-reactant ECL.

However, disposable screen

printed carbon ink electrodes are used as the solid support for the assay (Figure
1.10), rather than magnetic beads as shown in Figure 1.7.
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Figure 1.5: Commercial ECL instruments over time, (A) ORIGEN 1.5; (B) M series M-384 by BioVeris
Corp; (C) M1M analyser by BioVeris Corp; (D) PicoLumi by Eisai, Japan; (E) Elecsys 1010; (F) Elecsys
2010; (G) MODULAR system containing E-170 immunoassay module by Roche Diagnostics; (H) Sector
Imager 6000 and I) Sector PR Reader 500 my MSD. Image from reference 26.

In addition, high resolution low noise CCD cameras or photodiode arrays are used for
light detection, allowing for spatially resolved analysis of results. Analysis plates sold
by MSD contain many wells – each well can contain up to 10 electrode “spots” and
each miniature electrode could have binding affinity for a different analyte.
Combined with a position aware detector, this allows for highly multiplexed assays,
which will be discussed in section 1.4.
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1.3 Immobilisation of ECL Reagents
Immobilisation of ECL reagents at the electrode offers a number of potential
advantages for ECL-based sensing. As can be seen in schemes 3 and 4, which
describe the Ru(bpy)32+/co-reactant ECL mechanism, Ru(bpy)32+ is regenerated as a
result of the ECL process. This process increases the sensitivity observed with ECL
techniques, as each Ru(bpy)32+ molecule can react multiple times, generating
multiple emission events until co-reactant is consumed.

This property makes

Ru(bpy)32+ and other inorganic metal chelate based ECL systems desirable
candidates for immobilisation on a surface, where the active form of the luminophore
can be constantly regenerated in situ, and the sensor can be used for multiple
analyses.
Ru(bpy)32+ and other associated luminophores are quite expensive, and in many
solution phase co-reactant detection systems, including those described in section
1.2, this reagent is consumed relatively rapidly, increasing running costs. This is the
case in, for example a HPLC, FIA, or CE-ECL experiment. Immobilising this reagent
on re-usable or stable electrodes dramatically reduces the luminophore consumption
and associated cost of an ECL technique. For example, with the modified electrodes
discussed in Chapter 3, the amount of Ru(bpy)2(dn-bpy)2+ per modified electrode is of
the order of 10-9 mol, an insignificant quantity when compared to consumption in
solution phase systems.
Immobilising the luminophore on the electrode also allows the possibility of increased
sensitivity, due to higher local concentrations of the luminescent reagent.

For

example, concentrations of the luminophore in the immobilised mesophase gel
discussed in Chapter 3 were 5 to 6 mM, compared to approximately 1 mM typically
used in many solution based systems. Other immobilisation methods such as those
based on Nafion can result in concentrations of Ru(bpy)32+ orders of magnitude
higher than those routinely used in solution based systems.
16
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Another advantage of immobilising reagents on electrodes is the reduction in
instrumental complexity that occurs.

When using HPLC or CE as a separation

technique, the ECL reagent needs to be merged with the column eluent before ECL
detection can occur, resulting in peak broadening and a possible reduction in
sensitivity.84

When using ECL with CE separation, complex cells need to be

engineered in order to allow for the introduction of ECL luminophore, and isolate the
electrochemical processes from the electronic fields generated by the CE process,
increasing the complexity of the system. When the luminophore is immobilised on
the electrode surface these issues are no longer relevant. This simplification is also
relevant to attempts to build miniaturised lab-on-a-chip/µTAS based ECL sensors.
Important properties of ECL modified electrodes include stability, sensitivity, fast
electron transport, as well as sufficient permeability for the co-reactant to access the
ruthenium centres. This field of research is rapidly progressing, with most recent
developments focused on nano-materials and electrodes functionalised for direct
selectivity of bio-related analytes. Reports of ECL active modified electrodes first
appeared in the early 1980s with the work of Rubinstein and Bard.85,86 These initial
reports described Ru(bpy)32+ immobilised within the cation-exchange polymer Nafion.
Since these initial reports, a wide range of approaches to the immobilisation of ECL
active reagents have been explored. These include sol-gel entrapment,87,88
electrostatic entrapment,89,90 layer-by-layer self-assembly,91-93 direct attachment to
electrode surfaces,94 metallopolymers,95 and Langmuir-Blodgett techniques.96,97
Immobilisation using the cation exchange polymer Nafion has been extensively
investigated. These modified electrodes were formed using the simple procedure of
dipping Nafion coated electrodes into Ru(bpy)32+ solution, referred to as “loading” the
ionomer. The electrodes showed reasonable stability and were ECL active. Later
papers investigated the charge transport properties of the films, as well as ECL
mechanisms and stability.14,86 The first reported use of an ECL modified electrode
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combined with FIA was presented by Downey and Nieman 98 in 1992. The system
was used to detect oxalate, alkylamines, and NADH in a flowing stream, with good
detection limits (1 uM, 10 nM and 1uM respectively). Problems associated with the
Nafion system included slow charge transport rates, slow ECL rise times due to
limited analyte diffusion, and a tendency for Ru(bpy)32+ to gradually leech into
electrochemically inaccessible areas of the polymer matrix over time.98-100
In order to improve this system, research has focused on doping the Nafion polymer
with a number of materials, for example sol-gel derived silica,101 as well as other
oxides such as TiO2,102 V2O5,103 and ZrO2.104 These composite Nafion films exhibited
better electrochemical properties, superior stability and higher ECL, allowing for
extended use in CE and FIA systems.
Likewise, the effects of doping Nafion films with nano-materials such as carbon
nanotubes (CNTs) and graphene have been investigated. CNTs have high electrical
conductivity, high mechanical strength and good chemical resistance/stability. Lee
and co-workers105 have reported some of the highest levels of stability and sensitivity
for Nafion based electrodes using a film doped with multi-wall CNTs (MWCNT) and
TiO2, with stable responses over a period of four months. Xu and co-workers106
reported an inhibition of the slow migration of Ru(bpy) 32+ into the electrochemically inaccessible areas of the film using a Nafion film doped with graphene.
Another promising class of substrates for immobilisation via ion exchange
interactions are zeolites. Zhuang and co-workers107 reported the immobilisation of
Ru(bpy)32+ within the supercage structure of zeolite Y by an ion exchange process.
The resulting zeolite/Ru(bpy)32+/carbon graphite/paraffin oil electrodes were used for
detection of heroin via FIA, with a detection limit of 1.1 µM and high levels of stability
achieved.
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Eastman-AQ55D is a poly(ester sulfonic acid) cation exchanger, and an alternative to
Nafion as a substrate for ECL modified electrodes based on ion exchange. Martin
and Nieman108 were the first to report Ru(bpy)32+ ECL based modified electrodes
using AQ55D, and these electrodes were used to determine NADH as a product of
co-immobilised enzymes.

Doping AQ55D/Ru(bpy)32+ films with a view towards

enhancing charge transport and film properties has been investigated with various
materials such as silica,109 CNTs110 and metal nanoparticles.111 Du and co-workers111
reported a AQ55D/Ru(bpy)32+/Pt nanoparticle based modified electrode with a very
high sensitivity to TPA, which was able to achieve a detection limit of 1 x 10-15 M.
Wang‟s group have reported a number of applications of AQ55D based electrodes
coupled with CE separation with impressive results.112
Covalent integration of ruthenium based luminophores into a material or polymer on
the electrode surface is also an attractive mode of electrode modification for ECL.
Reagent leeching or redistribution within the material or on the electrode surface (as
experienced with ion-exchange based systems) is not an issue in such systems
because the luminophore is distributed in a homogeneous, permanent manner
throughout the material. Greenway and co-workers113 reported the attachment of
ruthenium luminophores with tri-ethoxy silane moieties onto silica surfaces.

This

system was stable, and reproducible ECL emission from codeine in a sequential flow
injection system was demonstrated. Forster and Hogan95 reported the development
of an ECL active metallopolymer Ru(bpy)2(PVP)102+, where PVP is poly(4vinylpyridine), and is shown in Figure 1.6.

The metallopolymer comprises of a

Ru(bpy)32+-like luminophore, and is deposited on the electrode surface forming a thin
film. This system showed remarkable selectivity for oxalate (the detection limit was
approximately 0.2 µM), and was used to determine the co-reactant in an FIA system,
with additional insight gained from the simultaneous monitoring of the current and
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ECL signals. Ru(bpy)2(PVP)102+ was found to exhibit a four-fold increase in ECL
when deposited as a film instead of in solution.114

Figure 1.6: Ru(bpy)2(PVP)102+ based metallopolymer, adapted from reference 95.

Later work by Dennany and co-workers115 demonstrated the sensitive detection of
DNA

damage

using

Ru(bpy)2-PVP,

and

later

Os(bpy)2-PVP116

based

metallopolymers. Electrodes consisted of films of metallopolymer/DNA assembled in
a layer-by-layer process.

A simultaneous ECL/square wave voltammetry (SWV)

method was used where the current and ECL were both monitored.

Oxidative

damage to DNA caused an increase in unbound guanine bases, which can act as a
co-reactant, and catalyse the generation of ECL from Ru or Os centres.
electrodes are sensitive to as little as 1 in 1000 damaged base pairs.

The

Work by

Hvastkvos and co-workers117 demonstrated a link between an enzyme and the DNA
damage process within the metallopolymer film, as genotoxic compounds are often
activated by an enzymatic reaction within the cell before DNA damage occurs.
These modified electrodes show great promise towards rapid, efficient evaluation,
and detection of possible genotoxicity during various stages of drug design and
testing.
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The direct chemical attachment of luminophores to the electrode or substrate has
also been investigated as a path to stable electrode modification. Piper and coworkers94 demonstrated the direct attachment of a Ru(bpy) 32+ derivative to the
electrode surface via an electrodeposition route involving an in situ generated
diazonium species. The electrodes exhibited high stability in aqueous and organic
media with a detection limit of 10 nM for DBAE.

Barbante and co-workers118

investigated the electrochemical and ECL properties of luminophore microcrystals
formed directly on the electrode surface, and while this system was quite stable, ECL
intensities were low.
Electrodes modified for ECL have also been fabricated via direct adsorption of ECL
active compounds onto the electrode surface, or electrogenerated film on the
surface. Thiol-bearing Ru(bpy)32+ derivatives have been used to form self-assembled
monolayers of ruthenium complexes attached to Au and ITO electrodes.93,119 While
layers formed on Au showed limited stability due to electrochemical oxidation of the
Au-S bond, those formed on ITO have shown more stable responses. 93

Direct

absorption or Ru(bpy)32+ into glassy carbon oxide layers (generated by holding
electrodes at high potentials) was shown to generate relatively stable Ru(bpy)32+
based electrodes.120-122
While

no

techniques

based

on

modified

electrodes

have

been

directly

commercialised, the area remains an important field of research, and highly
applicable to other areas of interest, such as energy conversion, as well as new light
emitting devices such as organic light emitting devices, or light emitting
electrochemical cells.123
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1.4 Bio-Conjugation Based ECL and Multiplexed Analysis
ECL detection of biologically important analytes has been a major field of
development, which has resulted in the only commercialised ECL instruments to
date. ECL instruments work in co-reactant mode as discussed in sections 1.2 and
1.3. In a manner similar to other biological assay techniques, the instruments detect
the concentration of labels, rather than directly detecting the analyte. Specificity for
the analyte is achieved by attaching the label to a reagent that that binds specifically
to that analyte, for example, an antibody antigen interaction. The labels consist of
Ru(bpy)32+ derivatives, which are detected in the presence of excess co-reactant (50
to 100 mM of TPA) via ECL.
Common Ru(bpy)32+ derivatives include an n-hydroxysuccinimide ester (for amines,
chiefly proteins), phosphoramidite (for oligonucleotides), maleimide (for thiols), sulfoNHS, hydrazine (for carbohydrates) and amine (for carboxylic acids) functionalities
on one bipyridine ligand to facilitate binding. Kits are available for a wide range of
analytes (see Roche and Mesoscale Discovery websites for a current list).82,124
Typical targets include relevant analytes from fields such as clinical diagnostics
(markers for various cancers, diseases, cell signalling pathways, infectious diseases,
etc.), food and water testing (for example, detection of food and waterborne e-coli
and other pathogenic bacteria or toxins), and bio-warfare agent detection (anthrax,
ricin, etc.).6 ECL detection of biologically related analytes has also found applications
in the research field, both in academia and industry.
Commercial ECL instruments use a solid support on which the analyte and label are
immobilised and subsequently detected. A range of different binding reactions are
employed for the detection of different groups of analytes, for example
antibody/antigen binding, enzyme/inhibitor interactions, carbohydrate/lectin, and
nucleic acid/complementary nucleic acid binding events. Paramagnetic beads/micro
particles (for example consisting of a paramagnetic core coated in polystyrene) are
22
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used as the solid support in instruments based on IGEN technology, while MSD uses
a printed carbon ink substrate as the solid support.

Figure 1.7: Schematic showing a typical antibody sandwich assay using a magnetic bead substrate. In
subsequent steps the analyte and ECL label bind, forming the bead-analyte-label complex shown,
followed by ECL generation. Adapted from reference 125.

In a typical sandwich type assay the solid support is functionalised in order to bind
with the target analyte.

The magnetic beads are incubated with the solution

containing the analyte of interest, as well as an analyte-specific ECL label. The
microbead-analyte-label complex is then magnetically held at the electrode surface,
and ECL is generated and recorded.

This process is outlined in Figure 1.7.

Unbound label can be flushed from the system if using magnetic beads. Assays
using electrode wells and a no-wash assay format (MSD) do not flush excess label,
because background emission is low due to the close proximity of bound ECL labels
to the surface, compared with unbound labels in solution.
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These systems have a number of advantages over traditional non-ECL techniques
such as ELISA, including higher sensitivities, and wider dynamic ranges. Due to the
versatility of the assay format, new assays are continuously being developed and
released. This makes the instruments highly adaptable and enables rapid, selective,
and sensitive analysis via ECL.

A number of new and interesting methods of

detecting bio-related analytes have been reported in the literature; in particular
methods aimed at detecting specific DNA sequences, or induced DNA damage.
Figure 1.8 shows an example of early (a) DNA sequence matching and (b) c-reactive
protein (CRP) assays developed by Miao and Bard. 126

Figure 1.8: Schematic showing (a): complementary ss-DNA binding of immobilised capture DNA with
ruthenium ECL labelled probe ss-DNA, forming an ECL active ds-DNA complex linked to the electrode.
(b): Typical sandwich antibody/antigen ECL assay. Adapted from reference 126.
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A single stranded DNA (ss-DNA) sequence (23 base pairs in length, consisting of
synthetic DNA derived from Bacillus anthracis) was coupled to a Au electrode using
the thiol technique. The electrode was then incubated with corresponding Ru(bpy) 32+
labelled complementary ss-DNA.

Later work by the same authors127 used a

combination of polystyrene microspheres functionalised with target ss-DNA
(containing large amounts of luminophore) in combination with paramagnetic beads
that were functionalised with probe ss-DNA.

Using co-reactant ECL and this

amplification technique, the ss-DNA was detected with a detection limit of 1.0 fM.
The same technique was also described for the analysis of CRP. 128

A major

limitation of assays of this type however, is the requirement that the analyte (ss-DNA)
be labelled (either with an ECL active probe, or microsphere) before analysis can
take place. DNA intercalating agents acting as the co-reactant129 or luminescent
reagent130 have also been used to detect DNA, or aptamer131,132 binding events via
ECL, with sequence specificity and a label free approach.
An interesting technique that has been used to create highly selective ECL biosensors is using aptamers as an analyte recognition element.

Aptamers are

oligonucleic acid or peptide sequences that bind to specific molecules,133 for example
cocaine134 or thrombin.135 An aptamer for a specific target can be generated via a
process called „systematic evolution of ligands by exponential enrichment‟.133,136
Binding is extremely selective, and when combined with other advantages of ECL, it
represents a strong prospective base for construction of a selective sensor. 137,138
Upon binding, the aptamer can undergo a conformational change, which can be
linked to an ECL or electrochemical assay.139-141

Label free ECL sensors for

thrombin using a thrombin-specific aptamer have been reported, using a binding
displacement technique and a ruthenium based luminophore that is either
intercalated131,132 or immobilised in silica.142 Sandwich type aptamer assays143 based
on ECL using Au nanoparticle enhancement have also been reported.
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Figure 1.9: Construction and operation of an ECL aptasensor for thrombin. (A) Electrode surface is
functionalised with the anti-thrombin aptamer, and the free surface blocked with 2-merceptoethanol. (B)
Complementary (to anti-thrombin aptamer) ss-DNA is added which binds with the aptamer. The sensor
is incubated with Ru(phen)32+ which intercalates with the double stranded structure (C) (ECL represents
the blank response), after exposure to thrombin (D), the double stranded structure is disrupted, as the
aptamer binds thrombin with a higher affinity than the complementary ss-DNA. ECL is reduced as more
thrombin binding events occur. Image adapted from reference 131.

An ECL aptasensor was reported by Yin and co-workers.131

Their sensor was

specific for thrombin, and used Ru(phen)32+ (where phen is 1,10-phenthroline) as an
intercalating agent/ECL reporter, as shown in Figure 1.9. Complementary ss-DNA
binds to the immobilised aptamer fragment until thrombin is introduced. Ru(phen) 32+
intercalates strongly with the ds-DNA helix.

When thrombin is introduced the

aptamer binds to thrombin competitively, reducing the amount of intercalated
ruthenium complex in electrical contact to the electrode, and thus reducing ECL.
This sensing platform achieved a detection limit for thrombin of 0.2 attomolar.
Because the technique is not dependent on conformational changes, it could
potentially be applied to a variety of aptamer targets which bind strongly but do not
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induce conformational change. Despite impressive detection limits, some problems
exist with this type of detection strategy. The linear range is limited (0.01 to 50 pM)
due to the finite number of binding events that can occur before the sensor reaches
saturation, and reaction conditions of binding/exposure to thrombin would need to be
tightly controlled to achieve consistent results. The sensor is also a “one shot” type
system, as are almost all ECL based sensors that use thiol chemistry to bind
reagents to the electrode, due to the thiol link being oxidised at the potentials
required for ECL generation.

1.4.1 Multiplexed Analysis
Multiplexed assays using fluorescent dyes144 or quantum dots (QDs)145 that emit at
different wavelengths are increasingly used in biochemical assays, as labels for
different cell organelles, or even as probes in living animals.146,147 These assays can
achieve a limited level of probe selectivity by targeting dye specific absorbance
bands, however, selectivity exciting individual dyes in a multiplexed assay via
fluorescence is limited by the small Stokes shifts of organic dyes, or the broad
absorbance ranges of QDs.148
The potential for multiplexed assays with ECL analysis is large, due to the selectivity,
spatial control, and sensitivity advantages offered over fluorescence type techniques.
The MSD SECTOR reader instruments are the first commercial instruments to offer a
multiplexed ECL analysis system, with the system detailed in Figure 1.10.82
MSD‟s system is based around screen printed (carbon ink) electrode plates, where
each plate may contain 96, 384 or 1536 individual wells, and each well may contain
multiple individual working electrodes. Each electrode can be coated with a specific
capture probe/antibody, with ECL results visualised using a sensitive spatially aware
CCD camera, and thus highly multiplexed assays can be realised.
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Figure 1.10: Overview of MSD‟s multiplexed ECL assay process. Multi-well plates consist of up to four
miniature electrodes per well. Electrode material consists of a screen printed carbon ink, with high
affinity for biological molecules. Each mini electrode within a well could be functionalised with different
binding antibodies. ECL is captured using a high resolution CCD camera, thus individual intensity of
each miniature electrode is simultaneously recorded. Image adapted from reference 26.

This type of multiplexed analysis dramatically reduces cost in a clinical setting, as
multiple markers/analytes can be screened in a sample simultaneously, as well as
increasing sample throughput in a research setting.
A number of other interesting multiplexed ECL assays for biologically related
analytes have been reported in the literature in recent times.

Deiss and co-

workers149 reported an interesting multiplexed assay based on resolving ECL from
individual micron sized beads. This imaging technique was realised by coupling a
sensitive CCD camera with a microscope, thus allowing the measurement of ECL
intensity from individual beads on a custom electrode surface. See Figure 1.11 for a
pictorial description of the assay. Beads can be functionalised with different binding
chemistries (for example, simultaneous detection of anti-VEGF, IL-8 and TIMP-1 as
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reported).149 Each type of bead is encoded with a fluorescent tag (a Eu3+ based
emitter was used), with different concentrations of tag used to differentiate beads
functionalised for the capture of each analyte. ECL was generated from a ruthenium
based tag. After capture steps, the location of each type of bead on the working
electrode can be identified via fluorescence with CCD imaging, by matching relative
Eu3+ emission intensities with bead type. This is a very interesting approach to ECL
multiplexing, offering the possibility to simultaneously detect many different analytes
with a small electrode area.

1

2

3

Figure 1.11: Schematic of individual bead multiplexed ECL. The beads are housed in micro-wells
created from an etched Au-coated fibre-optic bundle, which acts as the working electrode. A sandwich
immunoassay is performed by exposing antibody-functionalised beads to three solutions, (1) an antigen
containing solution (analytical sample), (2) biotinylated detection antibodies which bind to the antigen,
(3) streptavidin modified ruthenium complex, which binds to the detection antibody. ECL is then
generated from the bound labels in the presence of 100 mM TPA. Image adapted from reference 149 .
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However, costly optical apparatus (microscope and associated equipment) is
required to image beads in this manner, and the assay could suffer from a loss of
sensitivity, due to the extremely small ECL active surface in comparison to other
methods.
Sardesai and co-workers150 reported a highly sensitive multiplexed ECL based assay,
shown in Figure 1.12. Nanostructuring of the electrode surface using single walled
carbon nanotubes (SWCNT) enabled a high functional surface area, allowing for a
larger population of capture antibodies. Individual 10 µL detection wells were built on
a pyrolytic graphite surface via deposition of a hydrophobic polymer, and wells were
functionalised with either PSA or IL-6 capture antibodies.

Figure 1.12: Schematic showing the operation of the multiplexed sensor. SWCNT forests are
surrounded by hydrophobic polymer (white) to make micro-wells on the electrode substrate (pyrolytic
graphite). Wells are filled with sample solutions and SWCNT forests decorated with primary antibodies
in the bottom of the well capture the analyte proteins. Ru(bpy)32+ silica nanoparticles with common
secondary antibodies are added and bind to the captured protein analytes. ECL is detected by a CCD
camera after energising the electrodes in the presence of TPA. Figure adapted from reference 150.

Enhancement of ECL emission was achieved by using a silica nanoparticle as the
basis for the ECL label, rather than a single ruthenium complex.

The silica

nanoparticle contains a large number of ruthenium centres, which enhances
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emission intensity. The silica nanoparticle was labelled with secondary antibodies for
PSA and IL-6. ECL generated in the presence of 100 mM TPA was detected using a
CCD camera in order to retain spatial information.

Using these techniques for

amplification of ECL generated per binding event, the system achieved detection
limits significantly lower than those possible with commercial ECL instrumentation,
with a similar and easily adaptable assay structure.
A number of other ECL based multiplexed assays have been reported, for example a
three dimensional paper microfluidic assay by Ge and co-workers,151 and
QD/Ru(bpy)32+ ECL-resonance energy transfer multiplexed assay by Wu and coworkers.152
All multiplexed ECL based assays discussed herein use a similar technique for
detecting emission from multiple electrodes – either spatial differentiation using a
CCD camera, or using a non-spatially aware detector such as a PMT, and
sequentially and individually stimulating electrodes in an array, to detect the ECL
from each in turn.
An alternate route to multiplexed sensing could be realised by the use of multiple
ECL active probes with distinct emission wavelengths, for example a green and red
emitting inorganic metal complex. Bruce and Richter153 were the first to report on the
simultaneous emission from a mixture of luminescent complexes in 2002. Using a
mixture of Ir(ppy)3 (where ppy is 2-phenylpyridine) and Ru(bpy)32+ with TPA, green
and red emission could easily be distinguished after applying sufficient potential to
oxidise both complexes (Figure 1.13).

A CCD detector was used to achieve

wavelength resolution.
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Wavelength / nm
Figure 1.13: ECL emission spectra from a solution containing both 10 µM Ir(ppy) 3 and 10 µM Ru(bpy)32+,
(B) 10 µM Ir(ppy)3, and (C) Ir(ppy)3 in 1:1 H2O/CH3CN. (A) and (B) were in CH3CN solution, the coreactant was 0.05 M TPA in all cases. A CV sweep from 0 to 2.0 V and back vs. Ag|AgCl at a scan rate
of 0.1 Vs-1 was performed and all emission captured. Image adapted from reference 153.

Later, this work was expanded on by Muegge and Richter, 154 demonstrating the
simultaneous detection of a blue emitting iridium complex, Ir(df-ppy)2(pic) (where dfppy is in this case 3,5-difluoro-2-(2-pyridyl), and pic is phenyl-(2-carboxypyridyl)) and

Intensity / AU

Ru(bpy)32+, as represented in Figure 1.14.

Wavelength / nm
Figure 1.14: ECL emission spectra from a solution containing both 100 µM Ir(df-ppy)2(pic) (A), and (B)
100 µM Ru(bpy)32+ in CH3CN solution, co-reactant 0.05 M TPA. The CV sweep was from 0 to 2.0 V and
-1
back vs. Ag|AgCl, scan rate was 0.1 Vs . Image adapted from reference 154.
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These papers described the detection of ECL emission from mixtures, however did
not investigate the selectivity offered by the different oxidation potentials of the
complexes. In both cases, ECL emission was generated from the integration of all
light emitted over a slow CV sweep, resulting in the non-selective oxidation of both
complexes.
An alternate strategy towards manipulation of ECL emission wavelength via
modulation of applied potential has recently been reported by Schmittel and coworkers.155 Using a „non-Kekulé‟ structured trinuclear Ir(III)-Ru(II)-Ir(III) complex, a
blue shift in ECL emission wavelength was observed as the applied potential was
increased, as shown in Figure 1.15.

Figure 1.15: Co-reactant (TPA) ECL emission from a trinuclear Ir(III)-Ru(II)-Ir(III) complex (10 µM)
resulting from different applied potential sweeps. Adapted from reference 155.

The observed modulation in emission wavelength was unique to ECL (modulation of
emission wavelength was not possible via PL), and was attributed to emissions
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occurring from different oxidation states within the multinuclear complex generated at
the varied redox potentials.

This approach has a lot of potential; however, the

observed emission could only be tuned over a narrow wavelength range.

The

multinuclear complex approach also, in some ways, limits the possibility of
developing multiplexed analysis systems using this technique, as an emission
wavelength cannot be associated with a single and separate analyte.
The ability to tune the emission colour from mixtures of complexes via manipulation
of the applied potential is investigated in Chapter 4, as well as our recently published
work,156 with a view towards multiplexed sensing applications. In a multiplexed ECL
system, ECL labels emitting at different wavelengths could be simultaneously
detected from a single electrode (functionalised to bind multiple analytes of interest),
or as a function of applied potential. Alternatively, emission from one complex could
function as an internal standard. 153
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1.5 Project Aims and Outline
The work presented in this thesis, in broad terms, aims to drive the field of ECL
sensors forward. Chapter 2 involves the investigation of the effect of phenanthroline
ligand substitution on the common ECL luminophore Ru(bpy) 32+.

Heteroleptic

complexes bearing one or two such ligands are compared to the homoleptic
Ru(bpy)32+ and Ru(phen)32+ complexes, in terms of analytical utility (signal:blank
ratios) and signal intensity with co-reactant ECL. A number of common and not-socommon ECL co-reactants were tested, including codeine and strychnine. An ECLFIA system was developed and used to compare the complexes.
Chapter 3 reports a new immobilisation method for ECL luminophores, involving
entrapment within a cubic phase liquid crystal forming material, phytantriol. This
family of materials have been used for enzyme based electrochemical sensors, but
never for a sensor based on ECL. Electrochemical properties and analytical utility of
the modified electrodes are reported.
Chapter 4 describes an investigation into the possibility of controlling the emission
wavelength in mixed-luminophore ECL systems using the applied electrode potential.
A technique for synchronising rapid spectra collection with cyclic voltammetry
experiments was devised, resulting in a procedure for acquiring three dimensional
ECL-CVs. Multi-luminophore ECL systems are investigated with a view towards next
generation multiplexed ECL sensing, resulting in modulated emissions from a single
solution ranging from red to yellow-green, green to red, and green to blue.
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Chapter 2 Comparative

ECL

Performance

of

Ruthenium

Complexes with the 2,2’-Bipyridine and the 1,10-Phenanthroline
Ligand

2.1 Introduction
Electrochemiluminescent reactions of a wide range of ruthenium complexes have
been investigated.1-9 In many cases, the ligand systems are varied with the intention
of increasing the ECL efficiency to enhance the sensitivity of an assay or co-reactant
detection method. Despite these efforts, the vast majority of analytical applications of
ECL-based chemical techniques in the clinical, environmental, forensic and industrial
fields are based on Ru(bpy)32+ and its closely related derivatives. 1,10-12

Recent

publications have suggested that phenanthroline complexes of ruthenium are
potentially advantageous for the determination of certain co-reactants.13-19 In this
work we investigated the comparative ECL performance (as an ECL reagent,
detecting compounds in co-reactant detection mode) of a series of ruthenium
complexes – Ru(bpy)32+, Ru(bpy)(phen)22+, Ru(bpy)2(phen)2+ and Ru(phen)32+ (shown
in Figure 2.1). A wide range of co-reactants were tested using an FIA methodology
to investigate the effect of phenanthroline ligand substitution.

The complex

relationship between co-reactant, ruthenium complex, and efficiency of the ECL
reaction was investigated. Signal:blank ratios were compared rather than simply
ECL intensities, due to the varied nature of the ECL background process. This is
often overlooked when workers report on the “best” ECL complex for a particular
analysis.
Some early investigations of Ru(phen)32+ ECL by Bard and co-workers reported a
lower intensity when compared with Ru(bpy)32+ in organic solvents.20
40
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Figure 2.1: Structures of the four ruthenium complexes investigated in this work.

Later investigations by Kapturkiewicz and Szrebowaty21 reported that the ECL
efficiencies of Ru(bpy)32+ with a wide range of electrochemically generated radicals,
radical cations, and radical anions as co-reactants (N-methylpyridinium, aromatic
amine, and quinone compounds) in acetonitrile were greater than those of
Ru(phen)32+.
41
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In later work, the ECL of Ru(phen)32+ was investigated in aqueous solution using
oxalate as a co-reactant by Kanoufi and Bard,13 and was found to exhibit superior
ECL quantum efficiency when compared with Ru(bpy)32+.

This finding led to a

number of investigations into the possibility of Ru(phen) 32+ being a superior ECL and
CL reagent for the determination of a number of species in aqueous solution, 13-18,19
and indeed a number of reports were published regarding the CL of Ru(phen) 32+ with
a number of co-reactants, without any subsequent direct comparison to Ru(bpy) 32+.2229

A number of workers have investigated ECL reactions with heteroleptic complexes

(containing both 2,2’-bipyridine and 1,10-phenanthroline ligands)

18,3018,30

such as

those shown in Figure 2.1, however with a limited range of co-reactants. Michel and
co-workers30 compared the ECL intensities of Ru(bpy)2(phen)2+, and Ru(phen)32+ (in
an acetate buffer at pH 4.0 with codeine as a co-reactant) with Ru(bpy)32+ and found
them to be 253 and 85% respectively. In contrast, Kim and co-workers18 prepared
the hexafluorophosphate salts of Ru(bpy)32+, Ru(bpy)2(phen)2+, Ru(bpy)(phen)22+ and
Ru(phen)32+. They found that the relative ECL intensities (in a phosphate buffer at
pH 7.0, with TPA as co-reactant) were 100%, 133%, 162% and 194%, respectively.
This increase in intensity with the number of 1,10-phenanthroline ligands was
attributed to the slightly lower donor ability of 1,10-phenanthroline compared to 2,2bipyridine. 1,10-phenanthroline increases the energy of the MLCT band, therefore
reducing the efficiency of the radiationless de-excitation processes, increasing the
observed PL, and possibly the ECL quantum yield. These studies only compared
ECL intensity, neglecting to investigate the more analytically important parameter of
signal:blank ratio. A large increase in observed intensity is analytically useless if a
similarly large increase is observed in the emission from the blank (i.e. ruthenium
complex + phosphate buffer in a flowing stream in this case).
Clearly, there is some confusion and inconsistency regarding the analytical utility of
ruthenium complexes bearing 1,10-phenanthroline in the literature.
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resolve these issues, gain a deeper understanding of the Ru(bpy) 32+ and Ru(phen)32+
ECL co-reactant systems, and the complex relationship between emission intensity
and ECL co-reactant, a systematic study has been undertaken.

Figure 2.2: Co-reactants investigated with ruthenium complexes shown in Figure 2.1. (A): strychnine,
(B): TPA, (C): codeine, (D): DBAE, (E): L-proline, (F): oxalate.

We compare ECL intensities and signal:blank ratios of Ru(bpy)32+, Ru(bpy)2(phen)2+,
Ru(bpy)(phen)22+ and Ru(phen)32+ with a number of co-reactants (structures are
shown in Figure 2.2) in aqueous solution.
In addition, we investigate the application of ECL-FIA towards the detection of the
broad spectrum herbicide glyphosate, 31 its isopropylamine salt (a common
commercial

formulation),

and

its

43

principal

breakdown

product,
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aminomethylphosphonic acid (AMPA). Glyphosate is used to control a wide range of
weeds, and is registered for use in aquatic systems.

Once in the environment,

glyphosate is readily degraded by UV exposure as well as microorganisms to form
AMPA.32

The use of glyphosate has been rising due to the increasing use of

“Roundup Ready” GM varieties of crops (for example GM soybean crops), which are
immune to the effects of the herbicide, allowing widespread, indiscriminate spraying
in order to kill off competitive weeds. This has resulted in an increased possibility of
glyphosate and its breakdown products to build up in environmental waters, and has
led to the establishment of maximum allowed values for glyphosate (and AMPA) in
drinking water. The Australian drinking water guidelines state that the maximum
allowable limit for glyphosate contamination is 0.01 mg/L 33 (0.06 µM), while the US
EPA has set a higher maximum contamination level of 0.7 mg/L 34 (4.1 µM). The
current recommendation (Australian guidelines)33 for detection of glyphosate
contamination requires a UPLC system with MS/MS detection, as well as
derivitisation with a suitable label such as fluorenylmethyloxycarbonyl chloride,35
requiring significant expense and expertise to setup and operate.
As the potential for glyphosate build up in ecosystems rises, efforts towards
developing cost effective and robust methods for its detection have increased, with a
number of recent reports of sensitive, novel detection techniques appearing in the
literature. For example, pre-concentration and extraction via alumina coated iron
oxide nanoparticles followed by CE with ECL detection. 36

Direct electrochemical

methods using modified electrodes have also been reported, for example detection
using

horseradish

peroxidase

phthalocyanine/MWCNT

film

modified

electrodes. 38

polymer

electrodes, 37

Techniques

routinely

or

copper

used

by

environmental labs include gas chromatographic techniques with pre-column
derivitisation and a variety of subsequent detection methods such as pulsed flame
photometry,39 however the derivitisation process requires diazomethane which is a
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dangerous reagent to handle. ECL/CL with Ru(bpy) 32+ has been investigated for the
detection of glyphosate and its metabolites briefly in the literature, generally as a
detection method after a separation technique such as HPLC 40,41 or CE,36,42 as well
as CL based FIA.43

ECL-FIA could be utilised as an inexpensive and simple

detection method for these analytes, for example as a pre-screening technique,
affording a cost effective low complexity method.
The structures of glyphosate and AMPA are shown below in Figure 2.3.

Both

compounds possess an amine moiety (glyphosate secondary, AMPA primary) from
which their ECL activity most likely originates. Optimal conditions for analysis were
determined (pH) and the differences in ECL response between Ru(bpy) 32+ and
Ru(phen)32+ were investigated to determine the best complex for the detection of
each analyte.

Figure 2.3: Structures of (A) glyphosate and (B) AMPA.

These studies were undertaken using an ECL-FIA system. ECL-FIA is a simple,
sensitive and highly reproducible technique for undertaking co-reactant ECL
analyses, giving it a number of advantages. A larger number of samples or repeats
can rapidly be undertaken, with minimal sample volume and reagent consumption,
and a high degree of precision and accuracy. ECL-FIA has been explored in the
literature to some extent; however ECL and amperometric flow cells are more
commonly used as a detection method coupled with HPLC as a separation
technique.

The work reported relating to the comparison of the four complexes

shown in Figure 2.1 has been published,44 while a manuscript is in preparation from
45
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work relating to the detection of glyphosate, in collaboration with Dr Abdurahman
Anod, Assoc. Prof. Nichola A. Porter and Dr Julie O. Niere (RMIT). Where it has
been necessary to include or refer to work carried out by collaborators, this has been
clearly stipulated.
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2.2 Experimental

2.2.1 Cyclic Voltammetry
Experiments were performed using a model CH660B (CH Instruments, Austin,
Texas, USA) or µAutolab (Metroohm, Netherlands) potentiostat. A three-electrode
assembly was used consisting of a 3 mm diameter glassy carbon working electrode
(CH Instruments), a platinum wire auxiliary electrode, and 5 cm 3 cell. Electrodes
were polished using 0.3 and 0.05 µm silica, sonicated in Milli-Q water and dried at
room temperature. A Ag|AgCl (3 M KCl) reference electrode (CH Instruments) was
used for studies in aqueous media, whereas in organic solvents the reference
electrode consisted of a Ag wire quasi reference electrode.

In organic media,

potentials were referenced to the formal potential of the ferrocene/ferrocenium couple
measured in situ.

Samples consisted of 1 mM ruthenium complex in 0.2 M

phosphate buffer at pH 6, or 5 mM ruthenium complex in dry CH3CN containing 0.1
M TBAPF6. Voltammetric scans were run at a rate of 0.1 Vs −1 over a potential range
of 0 to 1.25 V vs. Ag|AgCl for aqueous experiments and a range of -2.5 to 1.5 V vs.
Ag wire for experiments conducted in CH3CN.

Investigations into the ECL of

glyphosate, its isopropylamine salt and AMPA were conducted in 0.1 M phosphate
buffer at a pH of 7, 9 or 10, depending on co-reactant. Co-reactant and ruthenium
complex concentrations were 1 mM unless otherwise specified.

Where light

detection was required the electrochemical cell was located top of a PMT, (Electron
Tubes model 9828B (ETP, Australia) with a HV supply of 500 V) inside a dark box.
Data was collected and analysed using a CH Instruments or Autolab software
package.
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2.2.2 ECL-FIA
The relative ECL intensities for the reactions under investigation were established
using a single-line FIA manifold, with a flow-through ECL detector comprising of a
thin-layer electrochemical flow cell, (4.3 µL cell volume, EG&C PARC, Princeton
Applied Research, NJ, USA) with a sapphire crystal window for transmission of light
to a PMT module, (Electron Tubes model P30A-05, with integrated HV supply (800
V) and amplifier) via a liquid light guide (3 mm diameter, visible range, Rofin, Victoria,
Australia).
Instrument components included a Gilson Minipuls 3 peristaltic pump with 0.88 mm
i.d. pump tubing, 0.5 mm i.d. manifold tubing and Rheodyne type 50 four-way
injection valve (Rheodyne LLC, California, USA) with 50 µL injection loop (fabricated
in-house).

Potential was referenced vs. an EG&C PARC Ag|AgCl reference

electrode (3 M KCl). The working electrode was 3 mm diameter GC type, supplied
by Bioanalytical Systems, Indiana, USA. The electrode was poised at 1.3 V vs.
Ag|AgCl throughout the experiments. Detection of light generated at the working
electrode was enabled by drilling an aperture in the body of the flow cell opposite the
working electrode and fitting the sapphire crystal window (0.5 mm thickness). A
diagram of the FIA cell is shown in Figure 2.5, while a representative FIA trace is
shown in Figure 2.8. A CH Instruments 420A potentiostat and E-Corder EDAQ-401
data recorder (EDAQ Pty Ltd, NSW, Australia) were used to control the applied
potential and record light signals respectively. Data were recorded and analysed
using an EDAQ electronic charting application.
Experiments investigating the detection of glyphosate and its metabolites used an
alternative detector. The FIA cell was interfaced with a Hitachi (Tokyo, Japan) model
F-1050 fluorescence spectrometer (filters set to open, lamp disabled). The working
electrode voltage was poised at 1.25 V vs. Ag|AgCl. Other equipment and operating
parameters were identical to those described above.
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2.2.3 FIA Sample Preparation
Samples were prepared by mixing the analyte with a solution of ruthenium complex
and electrolyte (0.2 M phosphate buffer adjusted to the required pH, or 0.05 M
sodium acetate adjusted to pH 4) to obtain the desired concentrations (0.25 mM
analyte and 1 mM complex), before injection into a flowing stream of electrolyte
solution.

Using this method, the consumption of luminescent complex was low

(approximately 50 mg for 1000 injections), and the concentration of luminescent
complex in the sample plug was precisely controlled. The solution flow rate was
optimised for each combination of ruthenium complex and analyte.

Multiple

injections were made at each flow rate to confirm that the response was
reproducible.
injections.

Each figure for relative intensity was an average of five replicate

Blank signals were recorded for each reagent–buffer combination by

omitting the analyte from the injected mixture.

The selection of buffer for each

analyte was based on previous ECL studies with ruthenium(II) complexes
(predominantly Ru(bpy)32+)10 and the pH values were confirmed by optimizing for the
greatest signal:blank ratio. Phosphate buffers (0.2 M) were used for TPA (pH 7.5),45
DBAE (pH 7.5),46 strychnine (pH 7.5), L-proline (pH 9.0) and potassium oxalate (pH
6.0), while a sodium acetate buffer (50 mM at pH 4)47 was used for codeine.
Previous work48 regarding the detection of L-proline suggested an optimal pH of 10,
however our ECL-FIA system exhibited a higher signal:blank ratio at pH 9, which was
used for further analysis.
ECL-FIA investigating the detection of glyphosate and related compounds was
performed in 0.1 M phosphate buffer, at pH of 7, 9 and 10 for glyphosate, its
isopropylamine salt, and AMPA respectively, with other conditions as described
above.

Optimum pH values for analysis for each analyte were determined

experimentally.
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Figure 2.4: Block diagram of FIA system

Figure 2.5: FIA flow cell diagram. From reference 49.
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2.2.4 Luminescence Spectra
Photoluminescence spectra were collected with a Cary Eclipse Spectrofluorometer
(Varian Australia, Mulgrave, VIC, Australia) which used a R928 PMT (Hamamatsu,
Iwata-gun, Shizuoka-ken, Japan).

Emission spectra were corrected for signal

dependence on wavelength as previously described.50 Photoluminescence spectra
were collected using 0.2 mM ruthenium complex in 0.05 M sulphuric acid in a
standard 1 cm quartz cuvette (5 nm band pass, 1 nm data interval, PMT biased at
800 V).

2.2.5 Reagents
Tris(2,2-bipyridine)ruthenium(II) dichloride hexahydrate (Ru(bpy)3Cl2 · 6H2O) and
tris(1,10 phenanthroline)ruthenium(II) dichloride hydrate (Ru(phen)3Cl2·xH2O) were
purchased from Strem Chemicals (Newbury, Massachusetts, USA) and Sigma
Aldrich (Castle Hill, NSW, Australia), respectively.

The heteroleptic complexes

Ru(bpy)2(phen)2+ and Ru(bpy)(phen)22+ were synthesized by co-workers Michaela M.
Cooke et. al.,44 synthesis and characterisation are detailed in reference 44.
All analytes/co-reactants were purchased from Sigma–Aldrich, except for potassium
oxalate (BDH Chemicals) and codeine (GlaxoSmithKline Australia, Port Fairy, VIC,
Australia).
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2.3 Results and Discussion

2.3.1 Electrochemical Properties
CV studies of the ruthenium complexes were undertaken in both aqueous and
organic media. See
Table 2.1 for a summary of results. In CH3CN, the potentials of the Ru 2+/3+ redox
couple and the first reduction (the electrochemical processes relating to a loss of an
electron from a metal centred orbital, and correspondingly the loss from a ligand
centred orbital) were very similar for all complexes.

The ratio of magnitudes of

anodic and cathodic current (ip.a/ip.c) for the oxidative process was close to unity in
each case.

Determination of the first reduction potential for phen containing

complexes was complicated by surface effects as also observed in previous
reports18,21 for these complexes in organic media.
The CV responses for the two homoleptic (Ru(bpy)32+, Ru(phen)32+) and the two
heteroleptic (Ru(bpy)2(phen)2+, Ru(bpy)(phen)22+) complexes in aqueous media are
shown in Figure 2.6.

There is very little variation in redox potentials for the

complexes. Consistent with the relative electron donor abilities of the two different
ligands, the homoleptic phenanthroline complex is slightly more difficult to oxidize
than the corresponding bipyridine complex.

Peak to peak splitting (Ep) for the

Ru(bpy)32+ response is close to the theoretical value of 59 mV.

As more

phenanthroline ligands are substituted, a decrease in electrochemical reversibility is
observed. The CV (shown in Figure 2.6) also suggests an apparent decrease in
chemical reversibility from Ru(bpy)32+ to the complexes with phenanthroline ligands.
As visible in the CVs presented in Figure 2.6, the Ru2+/3+ redox couple was quite
close to the solvent limit (electrolyte = phosphate buffer), which made an accurate
determination of ip.a/ip.c via direct comparison of peak area difficult. To overcome this
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issue the semi-derivatives of the responses were analysed instead, which made the
baseline positioning less subjective.
The decrease in ip.a/ip.c ratios indicates that the stability of the Ru 3+ form of the
complexes in aqueous media decreased in the following order: Ru(bpy) 33+ >
Ru(bpy)2(phen)3+ > Ru(bpy)(phen)23+ > Ru(phen)33+. Further experiments by Michaela
M. Cooke et.al at Deakin University involved spectrophotometrically comparing
chemically generated oxidized forms of the four complexes over a longer time
period.44 This data also agreed with this trend, indicating a decrease in the stability
of the oxidized state from Ru(bpy)33+ (most stable) to Ru(phen)33+ (least stable). The
decrease in stability, as well as the increase observed in Ep, and a reduction in
chemical reversibility was consistent with a mechanism in which the Ru 3+ form of
complexes bearing a phenanthroline ligand take place in a parasitic homogeneous
chemical reaction following their formation at the electrode surface.

Chemically

reversible responses (i.e. ip.a/ip.c = 1) for phenanthroline bearing ligands were
observed in organic electrolytes. The variation in stability of oxidized complexes in
aqueous media seemed to be due to an increased tendency for the complex to react
with water as the number of phenanthroline ligands was increased. The importance
of this from the point of view of ECL is that such side reactions will tend to degrade
the efficiency of the reaction between the oxidised complex and co-reactant to form
the excited state.

Moreover, different reaction rates of the Ru 3+ form of the

complexes with water could significantly change the emission from the blank
(electrolyte solution), decreasing signal:blank ratios and thus degrading the limits of
detection and overall analytical utility.
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Table 2.1: Summary of electrochemical data

E° ox/V

Ep/mV

Ip.a/Ip.c

E° ox/V

E° red/V

(H2O)a

(aq)

(aq)

(CH3CN)b

(CH3CN)b

Ru(bpy)32+

1.05

60

1.00

0.91

-1.74

Ru(bpy)2(phen) 2+

1.05

64

0.97

0.91

(-1.73)c

Ru(bpy)(phen)22+

1.06

71

0.94

0.91

(-1.77)d

Ru(phen)32+

1.06

76

0.84

0.92

-1.74e

Complex

a

Vs. Ag|AgCl.
Vs. ferrocene.
c 1/2
E from quasi reversible couple.
d
Peak potential.
e
PF6 salt used.
b

Potential / V vs. Ag|AgCl
Figure 2.6: CVs of 1 mM solutions of Ru(bpy)32+ (A), Ru(bpy)2(phen)2+ (B), Ru(bpy)(phen)22+ (C), and
Ru(phen)32+ (D), in aqueous solution. The dotted lines represent blank background CV. A 3 mm
−1
diameter GC electrode was used, with a scan rate of 0.1 Vs , the supporting electrolyte was 0.2 M PBS
at pH 6.
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2.3.2 Emission Spectra
Photoluminescence emission spectra were recorded for the complexes as described
in the experimental section, and are presented in Figure 2.7, with peak values
summarized in Table 2.2.
Values reported for the emission wavelength of this series of complexes in the
literature has been quite varied (e.g. 580 to 628 nm, and 577 to 604 nm for
Ru(bpy)32+ and Ru(phen)32+ respectively in aqueous solution). 51

These large

variations in reported emission wavelength are most likely due to inconsistency in the
correction for the relative wavelength sensitivity of the instrumentation used to record
the spectra.

P hotolumines
cence Intens
PL Intensity
/ AUity (a.u.)

140
D
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C
B
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A
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40
20
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550

600
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700
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800

Wavelength
Wavelength/ /nm
nm
Figure 2.7: PL spectra of 0.2 mM ruthenium complex in 0.05 M sulphuric acid, excitation wavelength
used was the MLCT maximum absorbance from Table 2.2. These spectra were collected by our
collaborators Michaela M. Cooke and co-workers.
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Table 2.2: Emission/absorption properties of complexes in Figure 2.7.

Abs

PL Emission

(λmax/nm)

(λmax/nm)

A

453

628

Ru(bpy)2(phen)2+

B

451

622

Ru(bpy)(phen)22+

C

449

615

Ru(phen)32+

D

447

605

Complex

Trace

Ru(bpy)32+

The spectra presented in Figure 2.7 were corrected for detector response and were
in good agreement with the emission wavelength of corrected emission previously
reported for Ru(bpy)32+ and Ru(phen)32+ of 628 and 604 nm respectively.52 A blue
shift in emission was observed as more phenanthroline ligands were added to the
complex (from 0 in the case of Ru(bpy)32+, to 3 for Ru(phen)32+), indicating that the
presence and number of phenanthroline ligands raised the energy of the 3MLCT
transition.

2.3.3 Relative ECL-FIA Intensity and Mechanisms
Relative emission intensities were recorded for each of the four complexes with six
different co-reactants. As illustrated by Figure 2.10, no single complex clearly stands
out as the most intense ECL emitter. The widely varied relative ECL intensities from
multiple complexes with similar E° values suggested that differences in exergonicity
for the reaction leading to the excited state were not a factor in determining the
relative ECL intensity.

Moreover, unlike the case with the electrochemical and

photoluminescence data, intensities did not show any clear correlation with the
number of phenanthroline ligands. Emission intensity normalized vs. Ru(bpy) 32+ is
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summarized in Table 2.3, raw emission intensities are shown in Figure 2.10 and a
typical FIA trace generated by the ECL-FIA system is shown in Figure 2.8.

DBAE

1.6

TPA

1.4

ECL Intensity / AU

1.2

L-proline

1.0
0.8
0.6

Codeine

0.4
0.2
0.0
0

100

200

300

400

500

600

700

Time / s

Figure 2.8: Typical FIA trace from our ECL-FIA system: Ru(bpy)3
concentration.

2+

1 mM, 0.25 mM co-reactant

The factors which influence the intensity of ECL emitted from any particular
luminescent complex/co-reactant combination are complex. Under the ECL reaction
conditions and concentrations investigated in this work, two principle ECL
mechanisms dominated in regards to ECL from co-reactants containing amines,
while ECL with oxalate was generated via one main mechanism.
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Figure 2.9: Two principal ECL mechanisms occurring with amine co-reactants. (A) Details a catalytic
route of amine oxidation, while (B) details a heterogeneous reaction scheme whereby amine and
luminescent complex are both oxidised at the electrode surface. Adapted from reference 53.

The primary mechanisms responsible for co-reactant ECL with amines are detailed in
Figure 2.9. The amine radical necessary for excited state generation can be formed
via two routes, (A) catalytically via homogenous oxidation by electrogenerated Ru 3+
in the diffusion layer, or via an heterogeneous route (B), where the amine radical
cation is generated by direct oxidation at the electrode surface before deprotonating
and reacting with electrogenerated Ru(bpy)33+.
The relative contribution from each mechanism in regards to total ECL intensity
depends on a number of factors. In this case, it is principally the kinetics of the
oxidation of the amine at the electrode relative to its oxidation by the ruthenium
complex, if direct oxidation of the amine at the electrode is possible. At different
concentration ratios between analyte and ruthenium complex, other mechanisms can
come into play. For example, if the analyte is far in excess of the ruthenium complex,
homogeneous oxidation of the ruthenium complex by the electrogenerated amine
radical cation can occur.53 However, under the conditions examined in this work, the
ruthenium complex concentration was always higher than that of the co-reactant, and
hence the main contributing mechanisms to ECL are likely those outlined in Figure
2.9.
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Ru(bpy)32+  Ru(bpy)33+ + e- (at electrode)

(1)

Ru(bpy)33+ + C2O42-  Ru(bpy)32+ + C2O4-•

(2)

C2O4-•  CO2 + CO2-•

(3)

CO2-• + Ru(bpy)33+  Ru(bpy)32+* + CO2

(4)

Ru(bpy)32+*  Ru(bpy)32+ + h

(5)

Reactions 1 to 5 outline the steps involved in the generation of ECL from Ru(bpy)32+
with oxalate as co-reactant. As oxalate was electrochemically unreactive under the
conditions used in this study, generation of a radical species proceeded wholly via a
catalytic homogenous reaction with the electrogenerated Ru3+ species within the
diffusion layer.
Figure 2.10 indicates that for most of the co-reactants studied, the ruthenium
complexes with two or three bipyridine ligands provided the highest ECL intensity.
The notable exception was oxalate which gave rise to ECL intensities of 3.7 and 7.3
times higher than Ru(bpy)32+, for Ru(bpy)(phen)22+ and Ru(phen)32+ respectively.
The observation that Ru(phen)32+ gave similar or greater ECL intensity to Ru(bpy) 32+
was in general agreement with observations previously made by other research
groups.13,15,19 However, the frequent extrapolation of this finding to the more general
statement22,24,27,54 that Ru(phen)32+ was a comparable or more sensitive ECL/CL
reagent than Ru(bpy)32+ did not appear to be valid. This will be discussed in the next
section dealing with ECL signal:blank ratios.
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1.8

Ru(bpy)32+

1.6

Ru(bpy)2(phen)2+

ECL Intensity / AU

1.4

Ru(bpy)(phen)22+
Ru(phen)32+

1.2
1.0
0.8
0.6
0.4
0.2
0.0

codeine strychnine

TPA

DBAE

L-proline

oxalate

Co-reactant

Figure 2.10: Relative ECL intensities, 0.25 mM analyte, 1 mM ruthenium complex, 0.2 M phosphate
buffer/0.05 M sodium acetate (codeine phosphate). Error bars represent the SD over 3 x injections.

Using similar experimental conditions (acetate buffer, pH 4.0, codeine co-reactant),
Michel

and

co-workers30

reported

ECL

intensities

for

Ru(phen)32+

and

Ru(bpy)2(phen)2+ of 85% and 253% respectively, in contrast with Ru(bpy) 32+. Our
result for Ru(phen)32+ was similar (57%), however we failed to observe enhancement
of intensity with the heteroleptic complex. We observed an ECL intensity of 58% of
that for Ru(bpy)32+. Our results did not correlate well with those of Kim and coworkers,18 who were working with the hexafluorophosphate salts of the same series
studied here (Pt electrode, phosphate buffer at pH 7.0, < 20% CH 3CN), who reported
relative ECL intensities with TPA as co-reactant of 100%, 133%, 162% and 194% for
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[Ru(bpy)n(phen)3-n]2+ (n = 3, 2, 1, and 0).

Our results show no significant

enhancement or loss of signal with TPA. However it is important to note that we are
comparing results from an FIA system, while other workers generally used quiescent
systems.

Table 2.3: ECL intensity (AU) normalised to Ru(bpy)3
2.10

Complex
Ru(bpy)32+

2+

= 1.0, experimental conditions as per Figure

Codeine

Strychnine TPA

DBAE

L-proline

Oxalate

1.00

1.00

1.00

1.00

1.00

1.00

2+

Ru(bpy)2(phen)

0.58

0.80

1.08

0.69

1.25

3.69

Ru(bpy)(phen)22+

0.38

0.68

0.90

0.73

0.85

3.69

Ru(phen)32+

0.57

0.71

1.06

0.75

1.06

7.31

The most intense ECL signals with all four complexes was observed with TPA, DBAE
and L-proline, with Ru(bpy)32+/DBAE giving the most intense signal overall. TPA is
routinely used as a co-reactant in most commercial ECL analysis, however recently
DBAE has been reported as a more effective, as well as more soluble and less toxic
alternative. The authors attributed this enhanced ECL intensity to the catalytic effect
of the hydroxyethyl group on the amine oxidation at the electrode surface. 46 Our
results were in agreeance with this report, as DBAE ECL intensity with Ru(bpy)32+
was 124% of TPA. Ru(bpy)32+ produced the most intense ECL emission with DBAE,
with the substitution of phenanthroline ligands appearing to have a deleterious effect
on the ECL intensity.

2.3.4 ECL Signal:Blank Ratios
Due to the slight tendency for the aqueous medium to act as a co-reactant with
ruthenium complexes, it is important to compare signal:blank ratios as well as ECL
intensity when assessing the analytical utility of ECL active complexes. As discussed
in section 2.3.1, the complexes bearing the phenanthroline ligand appeared to be
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less stable in the Ru3+ form in aqueous solutions. It was proposed that this was due
to an increase in the reaction rate of a process involving the Ru 3+ form of the complex
reacting with water. The ECL signal:blank ratios showed an interesting correlation
with this finding, that all phenanthroline bearing complexes exhibited far greater blank
signals (light emission from Ru complex and aqueous electrolyte with no co-reactant
present) when compared to Ru(bpy)32+ (see Figure 2.12).
Ru(bpy)2(phen)2+ was anomalously high.

The blank signal with

This was surprising because the

electrochemical data (see Figure 2.6) did not suggest any difference in the tendency
for the oxidised form of this complex to react with the medium. Likewise, oxidised
state stability studies were not indicative of a dramatic loss of stability with regard to
this particular complex.44 We were unable to explain this anomaly. Oxalate was the
only co-reactant that benefited consistently with regard to the number of phen
ligands, and showed a steady improvement in ECL intensity, as well as signal:blank
ratio and limit of detection, with an increasing number of phenanthroline ligands.
The analysis of signal:blank ratios was important. It was evident that the result of the
analysis (Figure 2.11) was quite different when compared to analysis of ECL intensity
alone.

When taking the signal:blank ratio into account, phenanthroline bearing

complexes were only advantageous (in this case) for the analysis of oxalate, and
competitive in the analysis of codeine. This was most likely due to the maximum
ECL signals from these co-reactants being observed at and acidic pH (pH 6.0 and
4.0 respectively).
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codeine strychnine

TPA

DBAE

L-proline

oxalate

Co-reactant

Figure 2.11: ECL signal:blank ratios, calculated at 0.25 mM analyte, other experimental conditions
identical to Figure 2.10.

Other studies focusing on signal intensity or signal minus blank could easily report
Ru(bpy)2(phen)2+ as a more sensitive reagent for the determination of L-proline and
DBAE, based on the results presented in Figure 2.10.

In our FIA system

Ru(bpy)2(phen)2+ was shown to be generally the worst performing complex for the
determination of the co-reactant concentration, due to its high blank response which
is discussed in the next section.
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2.3.5 Limits of Detection
Estimated limits of detection (LOD) were calculated as blank + 3 x standard
deviation55 from a 0.25 mM solution of the co-reactant. With the exception of oxalate,
Ru(bpy)32+ provided superior limits of detection for the analysis of all co-reactants.

0.005

0.020

Ru(bpy)32+

ECL intensity / AU

0.004

Ru(bpy)(phen)22+

0.015

Ru(phen)32+

Ru(bpy)2(phen)2+

0.003

0.010
0.002
0.005

0.001

0.000

4

5

6

7

8

9

0.000

pH of electrolyte

Figure 2.12: Dependence of blank ECL response on the pH of the blank electrolyte. Ruthenium complex
concentrations were 1 mM, Ru(bpy)2(phen)2+ intensity is shown on the right alternate y-axis.

This was mainly due to the large increase in blank signal observed from the
phenanthroline bearing complexes, as can be observed in Figure 2.12.
ECL intensities from phenanthroline ligand bearing complexes were similar or more
intense with co-reactants TPA, strychnine, oxalate and L-proline, as were ECL blank
signals for all complexes at pH 4.0 in acetate buffer.

At higher pH values in

phosphate buffer the magnitudes of the blank signals vs. Ru(bpy)32+ were much
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greater, especially the blank signals generated by Ru(bpy) 2(phen)2+. Though similar
at pH 4.0, at pH 9.0 the blank signal from Ru(bpy) 32+ was approximately five fold
greater, while Ru(bpy)2(phen)2+ was over two hundred fold greater at pH 7.5 and 9.0.
Responses from blank solutions with the four ruthenium complexes are shown in
Figure 2.12
Ru(bpy)(phen)22+

and Ru(phen)32+ did not generate blank signals of the same

magnitude as Ru(bpy)2(phen)2+, however still exhibited an increase in magnitude
greater than that of Ru(bpy)32+ as the pH was increased. An approximately twenty
fold increase was observed between pH 4 and 9. The reason for the abnormal
behaviour of Ru(bpy)2(phen)2+ was not established. Limits of detection are shown in
Table 2.4, and are comparable to those reported in the literature for similar
systems.10,11,56,57 Ruthenium complexes bearing phenanthroline ligands proved to be
superior in regards to the detection of oxalate, achieving a limit of detection
significantly lower when compared to Ru(bpy)32+. LODs for other co-reactants using
phenanthroline bearing complexes were comparable or worse than Ru(bpy) 32+.
As detection limits are a function of signal:blank ratio, as well as the precision of the
blank, this relationship is possibly the most important metric which should be
compared when determining the best ruthenium complex to perform a certain
analysis rather than outright signal intensity.

Table 2.4: ECL LODs (M), determined as blank + 3 times blank SD, calculated from 0.25 mM coreactant concentrations.

Complex

Codeine

Strychnine

TPA

DBAE

L-proline

Oxalate

Ru(bpy)32+

1 x 10-7

4 x 10-6

2 x 10-7

1 x 10-7

3 x 10-7

7 x 10-6

Ru(bpy)2(phen)2+

3 x 10-7

1 x 10-4

3 x 10-6

1 x 10-6

4 x 10-6

5 x 10-6

Ru(bpy)(phen)22+

3 x 10-7

9 x 10-6

3 x 10-7

3 x 10-7

6 x 10-7

2 x 10-6

Ru(phen)32+

2 x 10-7

1 x 10-5

3 x 10-7

3 x 10-7

6 x 10-7

1 x 10-6
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2.3.6 Glyphosate and AMPA Detection
A more in-depth study was carried out using only Ru(bpy) 32+ and Ru(phen)32+,
focusing on the detection of glyphosate, its isopropylamine salt, and its principle
breakdown product AMPA, using FIA-ECL.

CV studies of the analytes with and

without ruthenium complex present were conducted in an aqueous buffer medium.
This was in order to gain insight into the mechanism of the ECL reaction, and
determine the optimal potential bias required to initiate emission. The optimal pH for
ECL detection was also determined for the three co-reactants. The analytes were
tested with the two different ruthenium complexes, Ru(bpy) 32+ and Ru(phen)32+, in
order to determine if Ru(phen)32+ has any advantages over Ru(bpy)32+ for the
detection of glyphosate.

Electrochemical Investigations
Figure 2.13 shows electrochemical responses from the co-reactants with no
ruthenium complex present.
AMPA and the isopropylamine salt of glyphosate showed irreversible oxidations at
approximately 0.8 V vs. Ag|AgCl that may be attributed to the oxidation of an amine.
Strangely, no electrochemical activity was observed from glyphosate at a GC
electrode in the potential window available in phosphate buffer, indicating that the
peak observed from the isopropylamine salt is most likely from the oxidation of the
isopropylamine salt itself, rather than from glyphosate.
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10

8

0.1M PBS blank
glyphosate
mono-isopropylamine salt
AMPA

Current / µA

6

4

2

0

-2
0.6

0.8

1.0

1.2

1.4

Potential / V. vs Ag|AgCl

Figure 2.13: CVs at 0.1 Vs-1 of co-reactants at a concentration of 1 mM in 0.1 M PBS electrolyte at pH 7.
The working electrode was a 3 mm diameter GC electrode.

Figure 2.14 shows a typical ECL-CV of a mixture of Ru(bpy)32+, with glyphosate as
co-reactant. ECL was initiated at the onset of the oxidative wave attributed to the
oxidation of the ruthenium complex from its 2+ to the 3+ state.
This indicated that the ECL reaction was initiated by Ru(bpy) 33+, and not an oxidised
amine radical, which has been shown to occur in some cases for the ECL of
Ru(bpy)32+ with tertiary amines as co-reactants.53 This radical is visible in Figure
2.13, generated at approximately 0.8 V. This phenomena was more readily observed
under conditions of excess co-reactant in regards to ECL luminophore concentration,
however repeat experiments with a tenfold excess of the isopropylamine salt did not
reveal any ECL pre-peak.
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Figure 2.14: CVs of a mixture of 1 mM each of Ru(bpy) 32+ and glyphosate in 0.1 M PBS, (A):ECL trace
(right y-axis), (B):current trace, (C):1 mM Ru(bpy)32+ with no co-reactant added. A scan rate of 0.1 Vs-1
and a 3 mm diameter GC electrode were used.

From this investigation we could conclude that the ECL mechanism occurring with
the glyphosate-isopropylamine salt and AMPA was similar to the dual pathway
mechanism shown in Figure 2.9. A strongly reducing intermediate radical species
was formed via two parallel routes: catalytically, via homogenous reaction with
electrogenerated Ru(bpy)23+, and also directly at the electrode.

As no

electrochemical activity was observed from glyphosate, it may be assumed that the
amine radical was principally produced via the catalytic Ru(bpy)33+ route, i.e. route (A)
in Figure 2.9.
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pH Optimisation
Previous work42 found that the optimum pH for ECL generation from the
Ru(bpy)32+/glyphosate co-reactant system was 8.0. The optimum pH for the ECL
detection of AMPA and the isopropylamine salt of glyphosate has not been reported.
The pH effect on ECL generation from these three analytes in ECL-FIA was
systematically examined over a range of pH 4.0 to 10.0, and the results are shown in
Figure 2.15.

A

Signal:blank ratio

100

50

B

C
0

4

5

6

7

8

9

10

pH

Figure 2.15: Examination of the effect of electrolyte pH on ECL emission intensity. (A): glyphosate
2+
isopropylamine salt, (B): glyphosate, (C): AMPA. The concentration of Ru(bpy)3 and analyte was 1
mM in each case. The electrolyte was 0.1 M PBS of varied pH.

The results showed that ECL intensity was poor with all three analytes in acidic
conditions. This was attributed to supressed de-protonation of the amine radical, a
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necessary step required for the analyte in order to generate ECL with Ru(bpy) 33+, as
discussed in the mechanisms shown in Figure 2.9.
As previously discussed, an increase in pH resulted in an increase in the intensity of
the blank signal due to the reaction of Ru 3+ species with the hydroxide ion, and thus
the signal:blank ratio decreased rapidly at high pH.

In some cases however,

(depending on the pKa of the analyte or its radical cation) basic conditions are
beneficial for the ECL reaction, as reported for L-proline,48 and as observed here for
AMPA. Based on these results, pH values of 7.0, 9.0 and 10.0 were used for the
analysis of glyphosate, its isopropylamine salt, and AMPA respectively.

Comparison of Luminescent Complexes
The ability of Ru(phen)32+ to provide increased signal intensities with some analytes
has been discussed at length, however the ECL of Ru(phen) 32+ with the analytes
glyphosate, its isopropylamine salt, and AMPA has not been reported.
ECL-FIA experiments were conducted with each analyte, investigating the difference
in ECL intensity (and thus signal:blank ratios) between Ru(bpy) 32+ and Ru(phen)32+,
and results are shown in Figure 2.16.
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Figure 2.16: ECL signal:blank ratiosfor the investigated ruthenium complexes with each analyte. The
concentration of luminescent reagent and analyte was 1 mM in each case.

Ru(phen)32+ proved to generate significantly higher ECL (30%) signal:blank ratios
than Ru(bpy)32+ with glyphosate at pH 7.0. In contrast, lower ratios were recorded
with the isopropylamine salt at pH 9.0 when compared with Ru(bpy) 32+.

Similar

results were observed with AMPA at pH 10.0 with both complexes. In regards to
these results, the optimum choice of luminescent reagent for the analysis of
glyphosate was determined to be Ru(phen)32+, and Ru(bpy)32+ for the isopropylamine
salt and AMPA.
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Analytical Results
Figure 2.17 shows representative results from triplicate injections of glyphosate in the
concentration range of 10 µM to 100 µM. Limits of detection and linear ranges for
the three analytes are shown in Table 2.5. Similar results were achieved for the
isopropylamine salt, and AMPA. Linear ranges of detection are detailed in Table 2.5.
Limits of detection were calculated on a blank + 3x blank SD basis.
The ECL responses in order of relative intensity at 1 mM concentration using
Ru(bpy)32+ as the ECL luminophore decreased in the order of the isopropylamine
salt, glyphosate, then AMPA. With Ru(phen)32+ as the ECL luminophore, intensity
deceased in the order of glyphosate, the isopropylamine salt, then AMPA.

The

reason for the reversal of the isopropylamine salt and glyphosate with regard to the
luminescent reagent used was not clear. Glyphosate appeared to generate ECL
significantly more efficiently with Ru(phen)32+ in a manner that did not translate to
increased ECL generation efficiency with the isopropylamine salt.
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20
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20
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40 µM
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Figure 2.17: Representative FIA trace showing injections of glyphosate with Ru(bpy) 3
inset, example calibration curve, the carrier stream was 0.1M PBS, pH 7.0.
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The increase in ECL intensity when comparing the isopropylamine salt with
glyphosate using Ru(bpy)32+ has been observed in previous work reported by Adcock
and co-workers,43 with regard to chemiluminescence intensity with Ru(bpy) 32+. This
result was attributed to the presence of a second amine group, which was absent in
glyphosate. This work suggested an alternate explanation for the increased intensity,
as no electrochemical activity at a GC electrode was observed from glyphosate
during our experiments. This result indicated that with ECL via an electrogenerated
route, formation of an oxidised amine species was more difficult with glyphosate.
AMPA generated the lowest ECL intensity of the three analytes. It is well known that
primary amines exhibit a less intense ECL response than secondary or tertiary
amines.45 As the blank signal was significantly higher at pH 10, coupled with low
ECL intensity, the limit of detection for this analyte was quite poor.

Table 2.5: LODs (M) for ECL-FIA detection of glyphosate and related compounds

Analyte

Complex

Glyphosate
Isopropylamine salt

Ru(bpy)32+

AMPA
Glyphosate

Ru(phen)32+

Linear range

R2

LOD

1 x 10-6 – 1 x 10-4

0.99

0.8 x 10-6

1x 10-5 – 9 x 10-5

0.99

0.6 x 10-6

5 x 10-5 – 9 x 10-5

0.97

2.8 x 10-5

0.5 x 10-6 – 1 x 10-4

0.99

0.2 x 10-6

The LOD achieved by our ECL-FIA approach was comparable to other reported low
cost analysis methods,36,40-43,58 and was also below the level of glyphosate permitted
by the US EPA, however it was above the limit set by the Australian EPA for drinking
water. Thus, the developed method was not sufficiently sensitive for detection of
glyphosate at levels deemed unsuitable in Australian drinking water. This method
could still be useful with pre-concentration or for analysing samples containing higher
levels of contamination. The system, which can be used without a light-tight box,
could be readily miniaturized for use in the field.
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2.4 Conclusions
A number of conclusions can be drawn from our systematic study of these four
complexes using an FIA methodology.

We observed quite clear trends in our

electrochemical and spectroscopic investigations, and oxidized state stability
experiments, correlating physical properties with the number of phenanthroline
ligands present. These trends were not consistent with regards to ECL co-reactant
intensity, or lower detection limits.

This was due to the (sometimes opposing)

influence of a number of parameters; (i) the rate at which the corresponding Ru(II)
complex reacts with the target analyte and with water, which may be influenced by
pH, oxidation potential, or steric factors; (ii) the efficiency of populating the excited
3

MLCT state and the radiative transition; and (iii) the emission spectral distribution

and relative PMT response to those wavelengths. Generally, complexes bearing
phenanthroline ligands were more vulnerable to parasitic side reactions with the
aqueous solvent, this effect was pH dependent, strongly suggesting it was related to
the concentration of hydroxide ions present.
Our results supported previous research 13,17,18 that reported an increase in ECL with
phenanthroline bearing complexes and oxalate as a co-reactant, resulting in a lower
limit of detection. However, our results disprove the generalization made following
this finding, that complexes bearing phenanthroline can also provide more sensitive
co-reactant detection when compared with Ru(bpy)32+ for other co-reactants. Indeed,
for most co-reactants in this study, Ru(bpy)32+ provided superior signal:blank ratios
and often ECL intensity, resulting in a lower detection limit.

This highlights the

importance of comparing complex signal:blank ratios, rather than outright ECL
intensities.
On the other hand, the advantage of Ru(bpy) 32+ over Ru(phen)32+ was not
considerably large.

Ru(phen)32+ provided detection limits of the same order of

74

Chapter 2 FIA Investigation

magnitude. This is advantageous, as Ru(phen)32+ is an interesting candidate for the
development of new ECL labels, 59,60 and unlike the bipyridine ligand, greatly interacts
with DNA through major groove binding and intercalation with base pairs. 61,62 Due to
this trait, there is interest in using Ru(phen) 32+ and related complexes for ECL based
examinations of DNA-drug binding assays.63-65
A simple ECL-FIA detection method for the herbicide glyphosate was developed,
experimental parameters for pH were optimised, and some preliminary investigation
of underlying ECL mechanisms was performed. ECL responses of glyphosate, its
isopropylamine salt, and primary metabolite AMPA, were investigated with an
alternate ECL luminophore, Ru(phen)32+, in order to determine any possible increase
in sensitivity. Ru(phen)32+ proved to provide superior sensitivity to Ru(bpy)32+ for the
detection of glyphosate, but was inferior for the detection of the isopropylamine salt
and AMPA.
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3.1 Introduction
Ruthenium complexes have been used extensively in ECL based sensing systems
for some time, as discussed in Chapter 1. In the majority of cases, sensing systems
rely on the use of the luminescent compound dissolved in the solution phase, as was
the case with the FIA work presented in Chapter 2. An alternative and potentially
advantageous approach involves the immobilisation of the ECL active material
directly on the electrode surface. This mode of sensing has several benefits relative
to traditional solution phase systems. For example, although the local concentration
of the luminophore at the electrode can be very high its consumption is considerably
reduced, because the amount needed per sensor or per analysis is minute.

In

addition, the requirement to deliver and mix the ruthenium complex with the sample
containing analyte is removed. This allows for a much simpler, and inexpensive
sensor. This simplicity can also facilitate easier application of the sensing technology
in lab-on-a-chip devices, point of care instrumentation, and other integrated sensor
systems.
Many approaches to immobilisation of ECL active reagents on electrode surfaces
have been investigated, and reviewed in recent times.1-3

The immobilised

electrochemiluminophore is typically a ruthenium complex, but other ECL active
materials have also been used.1

Examples of immobilisation techniques include

metallopolymer films,4 use of Langmuir-Blodgett techniques,5 formation of sol-gel
composites,6,7 integration with ion-exchange polymers8-12 and integration with carbon
pastes.13

The use of nanomaterials has also been popular, particularly carbon

nanotubes (MWCNT, SWCNT), and metal nanoparticles as high surface area
interfaces, carriers, or dopants with favourable electrochemical properties.11,14-17
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Mesophases (also referred to as liquid crystals) are states of matter intermediate
between liquid and solid states, usually of a gel type consistency, with an ordered
structure.

Many amphiphiles (molecules with both hydrophobic and hydrophilic

properties) form mesophases when exposed to an excess of water. One of the most
common

mesophase

forming

amphiphilic

molecules

is

3,7,11,15-

tetramethylhexadecane-1,2,3-triol, (phytantriol), the structure of which is shown in
Figure 3.1.

Figure 3.1: Molecular structure of phytantriol.

Phytantriol forms a bicontinuous diamond cubic phase (QIID) in excess water at room
temperature, and a hexagonal phase at higher temperature.18 A lipidic cubic phase
can be described as a curved bilayer forming a three dimensional crystallographically
well-ordered structure. As materials, QII phases are optically transparent, stiff viscoelastic solids that are stable in excess water.19 This material is interwoven with
aqueous channels of the order of 5 to 10 nm in diameter, which are of a uniform size
throughout the sample.20

These channels can provide an environment in which

diffusion of water-soluble compounds can take place, while lipid-soluble compounds
can move throughout the hydrophobic regions of the material. 21
The cubic phase is of special importance, and possesses a number of remarkable
features that give these materials significant potential for nanotechnological
applications. Cubic phases formed from phytantriol possess a high thermodynamic
stability,22 and by virtue of their structure, a high internal surface area.23 The cubic
phase is also isotropic in nature and highly transmissive at visible wavelengths. The
internal topography of a bicontinuous phase is commonly described as an infinite
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periodical minimal surface (IPMS). An IPMS representation of the diamond (Pn3m)
cubic phase, in which phytantriol typically exists in the presence of excess water, 18 is
shown in Figure 3.2. The dominant phase can be effected by hydration, pressure,
pH or temperature,24 as well as molecules or compounds introduced into the
material.25

G (la3d)

D (Pn3m)

P (lm3m)

Figure 3.2: Approximate mathematical models of common inverse cubic phase unit cells, la3d (G,
gyroid), Pn3m (D, diamond) and lm3m (P, primitive). The IPMS representation of the membrane is
shown in blue and yellow, while red and green structures (top images) represent water channels. Image
adapted from reference 26.

Mesophases have been investigated for a wide range of applications. The cubic
phase has been utilised to crystallise important membrane proteins, due to its
similarity to naturally occurring membranes.20,27 Cubic phases have also been widely
investigated for drug delivery applications,28-30 as they are generally non-toxic and
well tolerated by the body.

Hydrophobic drugs can be loaded into the lipophilic

regions of the liquid crystal, and slowly released.
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(sometimes referred to as cubosomes, or cubic phase nanoparticles) have been
investigated for a wide range of applications, including drug delivery, bio-sensing and
bio-scaffolds,29,31,32 as well as applications in food science33 and cosmetics.34
Mesophases have occasionally been investigated as a means of electrode
modification,21 especially for bio-sensing applications where enzymes are used to
achieve selectivity.35
electrochemical

A significant challenge of immobilised enzyme based

sensing

systems

is

the

electrochemical activity of the enzyme.

retention

of

the

biological

and

Maintaining electronic contact with

immobilised proteins is also problematic. Immobilising enzymes in liquid crystalline
mesophases has proved potentially useful in alleviating these difficulties, because
the mesophase provides a structure that resembles naturally occurring membranes,
in which proteins can retain their biological activity.21 Diffusion of electrochemical
mediators such as Ru(NH)62+ and ferrocenecarboxylic acid through the aqueous
channels within the mesophase has been shown to be quite rapid.36,37 This provides
a practical means by which electrochemical communication with immobilised
enzymes can be maintained. Razumas and co-workers38 reported pioneering work in
the field, detailing electrodes sensitive to glucose, lactate, urea and creatinine.
These were some of the first reported mesophase based electrochemical biosensors.
These modified electrodes involved an enzyme entrapped in a cubic phase on a Pt
electrode, covered with a dialysis membrane. Later work39 described the effects of
electrochemical mediators and the development of a stable sensitive glucose sensor.
As with many enzyme based biosensors, the concentration of catalytically generated
H2O2 was monitored electrochemically.

CO2 sensors40 based on nickel (II)

complexes immobilised in a cubic mesophase allowed sensitive detection of CO 2 in
aqueous media, and were one of the earliest reports of immobilisation of a metal
complex in a cubic phase. Biosensors for cholesterol based on cholesterol oxidase
immobilised in a cubic phase have also been developed.41
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laccases39,42 (which catalyse oxygen reduction) and glucose oxidases in cubic
phases have resulted in reports of enzymatic bio-fuel cells43 using oxygen and
glucose as fuel. Mesophases have been investigated as a means to reducing fouling
and increasing selectivity in biological matrixes for modified electrodes. For example,
mesophases allowed the electrode to achieve serum compatibility in an implantable
glucose monitoring system.44
In this chapter, the possibility of immobilising ECL active ruthenium-based
luminophores within a cubic phase liquid crystal in order to create an
electrochemiluminescent modified electrode is explored. The concept is outlined in
Figure 3.3.

A - e- 

.+

A



.

A + H+

Figure 3.3: A mesophase modified ECL based electrode. An electro-active ruthenium complex is
immobilised within a cubic phase and deposited on an electrode. The ruthenium complex is
electrochemically accessible, and can be oxidised from the 2+ to the 3+ state, after which the coreactant ((A) represents an amine co-reactant in this diagram) can interact with oxidised ruthenium
centres, generating ECL. Pn3m image adapted from reference 26.
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Phytantriol, which forms a cubic phase, was investigated as the amphiphile of choice
due to its superior stability compared other materials such as monoolein, which tends
to hydrolyse due to its ester linkage.18
Cubic phases are an exciting potential substrate for immobilisation of ECL active
complexes. As previously mentioned, phytantriol forms a highly stable cubic phase
in the presence of excess water. The aqueous channels throughout the structure
should allow for diffusion of charge compensating anions throughout the bulk
material, which is essential for rapid charge transport. Channels should also allow
co-reactants (analytes) necessary for the generation of ECL to access oxidised
ruthenium centres within the mesophase. Additionally, as the material is optically
transparent, it allows efficient transmission of photons to the detector.
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3.2 Experimental

3.2.1 Synthesis

Figure 3.4: Chemical structure of ruthenium complexes synthesised.

[Ru(bpy)2(dn-bpy)](PF6)2 was synthesised using the following method: 80 mg
bis(2,2′-bipyridine)dichlororuthenium(II) hydrate (0.165 mmol) and 77.6 mg 4,4′-
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dinonyl-2,2′-dipyridyl (dn-bpy) (0.189 mmol, 15% excess) was dissolved in 75 mL
90:10 methanol:water under N2 atmosphere. The mixture was heated and refluxed
for 5 h, and a colour change from dark purple to dark red was observed. Solvent was
removed via rotary evaporation, and the residue dissolved in the minimum required
volume of acetone. Saturated potassium hexaflurophosphate solution was added in
excess, causing precipitation of the crude hexaflurophosphate complex salt. The
crude complex was recrystallised from 20% acetone/water and dried for a final yield
of 82%.
Elemental analysis: Calculated: C, 51.84; H, 5.44; N, 7.56, Found: C, 51.07; H, 5.56;
N, 7.38.
HRMS: Calculated: [102Ru-(PF6)2]2+ = 411.195, found 411.1968 (100%).
1

H NMR (300 MHz, CDCl3) δ 8.35 (4H, dd, J = 2.1, 5.9 Hz), δ 8.10 (s, 2H), δ 7.95

(dd, 4H, J = 6.5, 14.3 Hz), δ 7.72 (dd, 4H, J = 6.2 Hz), δ 7.54 (d, 2H, J = 5.8 Hz), δ
7.44 (dd, 4H, J = 7.6, 13.9 Hz), δ 7.27 (d, 2H, J = 5.9 Hz), δ 2.79 (dd, 4H, J = 8.3 Hz),
δ 1.66 (m, 4H), δ 1.28 (m, 24H), δ 0.85 (m, 6H).

[Ru(dpp)3](PF6)2 was synthesised using the following method: 113 mg ruthenium trichloride (RuCl3) (0.5 mmol) and 565 mg 4,7-diphenyl-1,10-phenanthroline (dpp) (1.7
mmol, 15% excess) was dissolved in 5 mL 4:1 ethylene glycol:water mixture under
N2 atmosphere. The mixture was heated and refluxed for 24 h, and a colour change
from

dark

purple

to

dark

red

was

observed.

Saturated

potassium

hexaflurophosphate solution was added in excess to the cooled solution, causing
precipitation of the crude hexaflurophosphate complex salt. The crude complex was
recrystallised from 20% acetone/water and dried for a final yield of 76%.
Elemental Analysis: Calculated: C, 62.29; H, 3.49; N, 6.05, Found: C, 62.16; H, 3.69;
N, 6.05.
HRMS: Calculated: [102Ru-(PF6)2]2+ = 549.15, found 549.1502 (100%).
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1

H NMR (300 MHz, CDCl3) δ 7.52-7.59 (m, 10H), 7.79 (d, 2H, J = 4.96 Hz), 8.22 (s,

2H), 8.37 (d, 2H, J = 5.01 Hz).

3.2.2 Reagents
Electrolytes, solvents, and other compounds were all of AR or electrochemical grade,
and were purchased from Sigma Aldrich and used without modification, unless
specified. Phytantriol (>96%) was sourced from BASF Germany. ECL co-reactant
sources are detailed in Chapter 2. Luminescent complexes were either synthesised,
or purchased from Sigma Aldrich.

3.2.3 Methods and Equipment
Electrodes and Substrates
A number of different electrode substrates were used in this chapter. Traditional 3
mm diameter glassy carbon (GC) electrodes, purchased from CH Instruments
(Austin, Texas, USA) and Zensor TE100 screen printed electrodes (EDAQ, New
South Wales, Australia) were modified using drop coating techniques (described in
section 3.2.4). A key advantage of using the SPEs was that they can easily be used
with a simple flow cell. A flow cell was designed for the Zensor SPEs, with details
described below. This allowed quick and efficient supply of reagents to and from the
electrode, which reduced the exposure of the electrode to ambient air between
samples. This appeared to have a significant effect on reproducibility. The flow cell
also facilitated easy interfacing with a detector, such as a PMT, in order to carry out
ECL/ECL-FIA experiments.
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GC discs (SIGRADUR-G, 15 mm diameter, 2 mm thickness) from HochtemperaturWerkstoffe (Thierhaupten, Germany) were modified using a spin coating method
(described in section 3.2.4). Electrode substrates are shown in Figure 3.5.

A

B

C

Figure 3.5: Electrode substrates: (A): SIGRADUR-G 15 mm diameter GC disc, (B): Zensor TE-100 SPE
(inset: magnified working electrode surface) and (C): CH Instruments GC working electrode.

The 3 mm GC electrodes were prepared as described in section 2.2.1 of Chapter 2.
Zensor TE100 SPEs were used from freshly opened packs. GC discs (15 mm) were
prepared in the following manner: GC discs were rinsed with acetone, sonicated in
activated charcoal/hexane mixture for ten minutes, rinsed, polished using a polishing
pad and 0.3 µm alumina, followed by sonication in water for 10 minutes. Electrodes
were dried at RT.

GC Electrode Holder
In order to interface GC discs with a sample solution and reproducibly control the
area of the disc exposed to the solution, a holding device was designed and built by
Dr. David Piper. The holder (shown in Figure 3.6) was constructed from Teflon. The
GC disc was sealed against a solvent resistant O-ring, with a metal rod pressing
against the rear side of the disc as an electrical connection point.
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B

A

Figure 3.6: GC disc holder, (A): Teflon cup which holds the electrode, (B): the remainder simultaneously
seals against and makes electrical contact with the GC disc.

This holder was used to facilitate the electrochemical interrogation of spin coated GC
disc electrodes as described section 3.3.2.

Zensor Flow Cell and FIA System
After modification, SPEs were electrochemically interrogated either in a vial using a
simple batch setup, or using the flow cell shown in Figure 3.8. When SPEs were
used in batch mode, a separate reference electrode (CH Instruments Ag|AgCl, 3 M
KCl) and counter electrode (Au or Pt wire) were used for consistency.

Pump

Carrier

Sample

mL/min

Potentiostat

Flow
cell

stream

Waste
Photodetector

Light tight box

Signal

Figure 3.7: ECL-FIA system, the components were similar to the FIA system described in Chapter 2,
however the cell and detector were enclosed within a light tight box.
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The flow cell was easily and reproducibly positioned above a detector such as a
PMT. The flow cell was used for stopped-flow measurements where the solutions
were supplied via a syringe, or for flowing stream measurements as a FIA system
where the solution was constantly pumped through the cell. The flow cell facilitated
reproducible electrochemical and ECL measurements by minimising exposure of the
modified electrode to atmospheric oxygen between exposures to different solutions.
The FIA system used the flow cell designed for SPEs (as depicted in Figure 3.8) as
part of the FIA manifold. The cell was positioned on top of a PMT (Electron Tubes
model 9828B (ETP, Australia) with a HV supply of 500 V) inside a light tight box.
Pump and injection valves were located outside the box for easy access.

This

allowed the maximum light to be detected from the electrode with minimal
background noise due its direct proximity to the PMT.

Electrodes were held at

constant potential vs. the integrated Ag|AgCl SPE reference using an µAutolab
potentiostat. Data was collected and analysed using an EDAQ eCorder as described
in the experimental section of Chapter 2.

Other FIA system components were

identical to the FIA system described in Chapter 2, with a manifold diagram shown in
Figure 3.7.

A

B
C

Figure 3.8: SPE flow cell (without SPE), clear polycarbonate top on stainless steel base. (A): fluid inlet,
(B): machined recess for SPE, (C): waste outlet.
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The flow cell consisted of a machined stainless steel base and transparent
Lexan/polycarbonate

top,

held

together

using

stainless

steel

wing-

nuts/screws/washers.

Flow channels for supply and removal of liquid to the

electrode array were machined in the clear top, and a rubber O-ring seal eliminated
leakage from around the electrode array and defined the cell volume (approximately
7.5 µL). The clear plastic top had negligible absorbance in the emission range of the
ECL emitters investigated in this work resulting in minimal signal attenuation.

3.2.4 Electrode Modification
Traditional 3 mm GC electrodes and SPEs were modified in two ways; drop coating
with in situ gel formation, or pasting the pre-made gel onto the electrode. Drop
coating solutions consisted of a mixture of ruthenium complex and phytantriol (300
mg total) dissolved in chloroform (CHCl3, 2 mL).

Example gel compositions are

shown in Table 3.1.
Gel compositions throughout this chapter were quoted as % weight complex in
phytantriol (w/w). Drop coating solutions consisted of 300 mg complex/phytantriol
dissolved in 2 mL of solvent for all experiments. All results reported were based on
phytantriol doped with 1% w/w complex. The solvent was CHCl3 for all Ru(dpp)32+
and R(bpy)2(dn-bpy)2+ experiments unless otherwise specified and ACN for all
Ru(bpy)32+ experiments. This solution was drop coated onto a clean electrode and
the solvent was then allowed to evaporate.
Volumes of 1 µL solution were used for GC electrodes and SPEs unless specified. A
calibrated syringe was used to accurately measure the small volumes required.
When the solvent was completely evaporated, the electrode was exposed to water
for a period of at least 24 h allowing the cubic phase to form.
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Table 3.1: Drop coating solution compositions

1% Ru(bpy)2(dn-bpy)

Ru.
Complex
mg
3

1% Ru(dpp)32+

3

Gel composition,
%w/w
2+

Conc. in 2 mL CHCl3

Phytantriol
mg

Mole ratio
(phyt:complex)

297

333:1

1.18

297

416:1

0.95

[Ru] mM

[Phyt] M
0.39

Alternatively, modified electrodes were physically coated with the pre-formed
ruthenium-doped mesophase gel, and then stored in water until required. The preformed gel, and a depiction of the modification process is shown in Figure 3.9.
Bulk gel was prepared by dissolving phytantriol and ruthenium complex in excess
CHCl3, which was then removed via rotary evaporation.

Removing all traces of

CHCl3 was found to be important for consistent mesophase formation. Water was
then added, and the solution allowed to equilibrate for a period of at least two days.

2+

Figure 3.9: Left: bulk 1% Ru(bpy)2(dn-bpy) doped phytantriol gel in contact with water, irradiated at
365 nm, exhibiting characteristic red phosphorescence. Right: SPE in the process of being drop coated

Electrodes were also modified by spin coating a thin film of ruthenium and phytantriol
dissolved in CHCl3 onto the electrode surface, followed by drying and subsequent
hydration to form the mesophase. A custom made spin coater was constructed and
used to spin coat GC discs. Construction of the spin coater is described in the
appendix. Solutions for drop coating were identical to those described in Table 3.1.
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GC discs were spin coated using the following general procedure. Substrates were
anchored to the centre of the spinning stage using double sided tape. Electrode
substrates were spin coated at a speed of 5000 +/- 500 rpm.

Two drops

(approximately 20 µL) of solution were dropped onto the centre of the spinning
substrate. Rotation was continued for 60 s. Samples were removed and excess
CHCl3 was removed by drying in a 40°C oven, followed by storage in a dust-free
environment. Before being electrochemically interrogated, the mesophase film was
allowed to equilibrate by submerging the coated electrode in water for 24 h.

3.2.5 Electrochemistry and ECL
Electrochemical and ECL experiments were conducted with the equipment described
in Chapter 2 experimental. Various aqueous electrolytes were investigated, with
scan rate studies performed in 1 M HClO 4 or H2SO4 as specified. Potentials in
aqueous media were reported vs. a Ag|AgCl (3 M KCl) reference electrode.
Potentials in organic media were referenced to the formal potential of the
ferrocene/ferrocenium couple measured in situ. Potentials reported in the analytical
ECL experiments (section 3.3.6) were referenced to the built-in SPE reference,
consisting of Ag ink and solid AgCl pellet. For batch ECL experiments the PMT used
for light detection was an Electron Tubes model 9828B, with a HV supply of 500 V.

3.2.6 UV-Visible Absorbance Measurements of Mesophase Gels
Concentrations of various ruthenium complexes within the mesophase gel were
determined

via

UV-Vis

spectroscopy

using

a

Cary

BioVis

50

UV-Vis

spectrophotometer (Varian Inc.). A combination of 1 cm path length quartz UV cells,
and a custom cell for measuring gel samples with a path length of 0.5 mm was used.
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Calibration curves were derived using various concentrations of ruthenium
complexes in CH3CN and a traditional 1 cm path length quartz cell.
Gel samples were prepared in the following way:

phytantriol and the ruthenium

complex of interest in the required ratio (% w/w) were dissolved in excess CHCl3.
The CHCl3 was removed from the mixture via rotary evaporation leaving a clear
orange solution of ruthenium complex dissolved in phytantriol. Excess water was
added to the solution, and the system was allowed to equilibrate (cubic phase
formation) over a period of at least 2 days.
Samples of the gel (approximately 0.5 cm3) were then placed on the centre of a cut
section of microscope glass slide (1 cm x 3 cm, 1 mm thickness), with plastic spacers
at each end (0.5 mm thick). A second piece of glass slide was then placed on top of
the gel forming a sandwich. The mesophase gel was spread between the two glass
slides forming a uniform layer. The thickness of the gel layer and thus the path
length was controlled by the two plastic spacers. The absorbances of the gels were
then measured in the spectrometer. All measurements were conducted within a 20
min timeframe to avoid the possibility of the sample drying out and inducing structural
changes in the mesophase gel, or inconsistencies in the thickness of the gel layer.

3.2.7 SAXS (Small Angle X-ray Scattering) Experiments
SAXS experiments were conducted at the Australian Synchrotron SAXS beam line.
Beamtime was granted under grant FI1327, round FI_2009/2, with Dr Ben Muir
(CSIRO). The beam line used a Dectris (Baden, Switzerland) Pilatus 1M detector,
and scattering patterns were collected over a Q range of 0.01 to 0.5 Å at a
wavelength of 1.5Å.
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Samples were prepared in 1 mm borosilicate glass SAXS capillaries. Samples of
mesophase gel, pre-hydrated in water or electrolyte of choice, were loaded into
capillaries and filled approximately half way up the capillary body with the hydrating
solution. Tubes were then spun in a centrifuge, and the remainder of the tube was
filled with the hydrating solution and sealed. Samples loaded in capillaries were
allowed to hydrate for a number of days before being exposed to the light source on
the beamline.

Exposure time for all samples was 1 s, data was collected and

analysed using a software package called saxs15ID, developed by ChemMatCARS
and supplied by the Australian Synchrotron. The diffraction patterns obtained were
converted to plots of intensity vs. q-value, enabling the identification of peak
positions, and thus their conversion to Miller indices. The Miller indices could then be
correlated with known values for different liquid crystalline structures and space
groups to identify the dominant internal nanostructure of the sample.

3.2.8 ECL Spectra
ECL spectra were collected using an Ocean Optics (Dunedin, Florida, USA)
QE65000 scientific grade spectrometer.

Spectra were collected from emission

generated at a Zensor TE100 SPE. The SPE was held flat in a UV-Vis quartz cell,
and was interfaced with the spectrometer via a collimating lens, and 1.5 m length 1.5
mm core diameter optical fibre. Data was collected and processed using Ocean
Optics SpectraSuite software, as supplied by Ocean Optics.
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3.3 Results and Discussion
Mesophase gels doped with luminescent complexes were formed by dissolving the
complex together with phytantriol in chloroform, allowing the solvent to evaporate,
then exposing the mixture to excess water for a prolonged period to allow selfassembly of the cubic phase. Three ruthenium complexes, Ru(dpp)32+, Ru(bpy)2(dnbpy)2+, and Ru(bpy)32+ were assessed for their suitability for immobilisation in the
phytantriol mesophase. Ru(bpy)32+ was first tested because it is regarded as the
benchmark ECL emitter, and its properties are well known and understood.
Ru(dpp)32+ was investigated next because the complex is quite hydrophobic, and was
therefore expected to be readily integrated into the lipophilic regions of the liquid
crystal, leading to a stable doped mesophase.

Moreover, Ru(dpp)32+ has a

photoluminescent quantum yield (pl) and an ECL efficiencyECL) in excess of that of
Ru(bpy)32+, and therefore may lead to greater sensitivity in sensing applications.45
The third complex tested, Ru(bpy)2(dn-bpy)2+, was designed to have intermediate
properties between Ru(dpp)32+ and Ru(bpy)32+ in terms of its hydrophobicity, while
still retaining the attractive electrochemical, photophysical and ECL properties of
Ru(N)6 complexes. The long alkyl chains on one bipyridine ligand (see Figure 3.4)
render that region of the molecule hydrophobic while the remaining portion of the
molecule, comprising the charged metal centre and the un-substituted bipyridines, is
relatively hydrophilic.
Attempts to immobilise Ru(bpy)32+ in the mesophase gel were unsuccessful because
the complex rapidly leeched out as the mesophase was hydrated in the aqueous
environment.

Ru(dpp)32+ and Ru(bpy)2(dn-bpy)2+ were both found to form stable

mesophase gel composites, remaining immobilised with the material when a liquid
crystal was formed upon the addition of excess water.
The fact that Ru(bpy)32+ was not retained in the mesophase may be understood by
considering the structure of the mesophase, which consists of hydrophobic domains
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with an interpenetrating network of hydrophilic channels, as depicted in Figure 3.2. It
is probable that the aqueous soluble ruthenium complex was excluded entirely from
the hydrophobic structure and simply diffused out through these water filled
hydrophilic channels.

Ru(bpy)32+ was therefore deemed unsuitable for this

application and was not investigated further.
Initial testing with the other two complexes indicated that up to 2% w/w ruthenium
complex (that is, up to 2 mg complex in 98 mg phytantriol) could be accommodated
in the mesophase. Higher concentrations resulted in inhomogeneity in the gel, with
small crystals of ruthenium complex visible when the doped phytantriol was viewed
under a microscope. A 1% w/w loading of ruthenium complex was therefore used for
most experiments, which represents a phyt:Ru mole ratio as indicated in Table 3.1.
While this did not represent the maximum possible ruthenium complex loading the
cubic phase could tolerate, it was a figure that allowed a homogenous mesophase
preparation to be reliably prepared.
In order to ascertain certain electrochemical properties and understand the layer
characteristics, knowledge of the concentration of the ruthenium complex within the
hydrated mesophase gel was essential.

However, the actual concentration of

ruthenium in the mesophase could not be accurately estimated based on the loading
because the volume and internal structure of the material changed when the cubic
phase liquid crystal was formed on hydration.

Therefore, a thin layer UV-Vis

absorbance method was developed, which exploited the MLCT absorbance band
possessed by Ru(N)6 complexes at about 450 nm, (see experimental section of this
chapter for details).

Due to the relatively high extinction coefficients of these

ruthenium compounds, a small path length (0.05 cm) was required, and the
concentration in the gel was reduced by a factor of 10. The extinction coefficient for
Ru(dpp)32+ was used as reported in literature i.e. 29,500 M-1cm-1 at 465 nm.46
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Figure 3.10: Absorbance spectra (background subtracted), of hydrated 0.1% Ru(bpy)2(dn-bpy)2+ and
Ru(dpp)32+ doped phytantriol gels. The path length was 0.05 cm in both cases.

Since that of Ru(bpy)2(dn-bpy)2+ was not reported, a calibration curve of
concentration vs. absorbance for the complex dissolved in acetonitrile was
constructed (see appendix Figure a2). The extinction coefficient was found to be
14,900 M-1cm-1 at 459 nm.
The background subtracted (blank = pure hydrated phytantriol gel) absorbance
spectra of fully hydrated 0.1% w/w Ru(bpy)2(dn-bpy)2+ and Ru(dpp)32+ doped gels
measured in the 0.05 cm path length cell are shown in Figure 3.10. Using the peak
absorbance of the MLCT bands for both complexes, the concentration of ruthenium
in the 0.1% hydrated gel was calculated to be 616 µM for Ru(bpy)2(dn-bpy)2+, and
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509 µM for Ru(dpp)32+. By extrapolation therefore the concentrations in the 1% w/w
gels used in the electrochemical studies are 6.16 mM for Ru(bpy)2(dn-bpy)2+ and
5.09 mM for Ru(dpp)32+. These results are summarised in Table 3.2.

Table 3.2: Absorbance data from Figure 3.10 and summarised concentrations of Ru(dpp)32+ and
2+
Ru(bpy)2(dn-bpy) in doped mesophases.

Bulk mesophase

Peak

Ru in 0.1%

Ru in 1%

composition

absorbance

gel/M

gel/mM

0.1%

Ru(dpp)32+/phyt.

0.82 at 465 nm
2+

0.1% Ru(bpy)2(dn-bpy) /phyt.

0.46 at 459 nm

-4

5.09

-4

6.16

5.09 x 10
6.16 x 10

3.3.1 Mesophase Structure
SAXS experiments were performed on the doped and un-doped phytantriol gels.
These studies were performed in the presence of excess water (100% hydration) in
order to confirm the expected structure of the mesophase, and ascertain whether the
inclusion of a ruthenium complex into the assembly altered the liquid crystal structure
(phase, space group or lattice parameter).

Traditionally, SAXS experiments on

mesophase gels are quite difficult, as these samples have a tendency to scatter quite
weakly, requiring large exposure times to achieve spectra with a good signal to noise
ratio.
In the present study, these problems were avoided by using a high intensity
synchrotron radiation source.

This allowed high quality spectra to be collected with

exposure times of 1 s or less, examples of which are shown in Figure 3.11.
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Figure 3.11: SAXS scattering spectra – 1% w/w Ru(bpy)2(dn-bpy)2+ doped phytantriol and control in the
presence of excess water at 25°C with an exposure time of 1 s. Peaks are labelled with their respective
Miller indices.

Table 3.3: Summarised data from SAXS experiments

Sample
Phytantriol control
2+

Phytantriol/1% Ru(bpy)2(dn-bpy)
Phytantriol/1%

Ru(dpp)32+

Space group

Lattice parameter (Å)

Pn3m

68.8

Pn3m

65.1

#

Pn3m

62.3#

# Evidence of mixed phase behaviour also observed due to incomplete hydration of sample, see Figure
a4 in appendix.

SAXS scattering patterns from the gel (Figure 3.11) allowed us to assign a space
group to the liquid crystal, using the ratios between peak scattering vectors. Unit cell
dimensions (also referred to as lattice parameter) were calculated from the position
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of peaks on the x-axis. See appendix for a brief description of calculations performed
to derive space group and lattice parameter information from the SAXS data. Lattice
parameters have been shown to correlate with pore/channel sizes through the
mesophase structure as observed with physical imaging techniques such as atomic
force microscopy47,48 of cubic phase bulk gels.
Table 3.3 summarises the results of these experiments.

As expected and in

agreement with literature,18,25 the results for un-doped phytantriol indicated that the
mesophase was present in the Pn3m diamond cubic phase at room temperature with
a lattice parameter of 68.8 Å. Incorporation of Ru(bpy)2(dn-bpy)2+ caused no change
to the phase of the liquid crystal, however a small decrease in the lattice parameter
was observed. The Ru(dpp)32+ doped sample (for spectra see appendix Figure a4)
gave results which suggested that the structure was predominantly Pn3m with a
lattice parameter of 62.3 Å. However, it should be noted that mixed phase behaviour
was observed for this sample as a result of an unfortunate sample preparation error
which resulted in areas of incomplete phase equilibration/hydration.
The lattice parameter appeared to decrease on doping with Ru(bpy)2(dn-bpy)2+ and
to a greater degree with Ru(dpp)32+. While the decrease was relatively small, it could
be explained by the degree to which the ruthenium complex was embedded within
the mesophase structure. The more hydrophobic Ru(dpp)32+ complex may be more
deeply embedded, causing a change in the bilayer curvature, and change in cubic
phase stability.

In the case of Ru(bpy)2(dn-bpy)2+ the decrease was smaller,

consistent with this complex being only partly submerged in the structure.

This

decrease in unit cell dimensions measured via SAXS has been observed in reports of
immobilising proteins such as cytochrome c. within phytantriol cubic phases.49 The
decrease however, was attributed to the change in the percent of water present in
the system.

However, integration of hydrophobic ferrocene derivatives in a

monoolein cubic phase50 had little impact on observed lattice parameters. In order to
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fully understand the interaction between the investigated ruthenium complexes and
the phytantriol cubic phase, a full phase diagram would need to be constructed.
However, this was beyond the scope of the present study.

3.3.2 Electrochemical Properties of Modified Electrodes
The complexes (Ru(dpp)32+ and Ru(bpy)2(dn-bpy)2+) were characterised in organic
media by CV, UV-Vis absorption and PL spectroscopy.

These results are

summarised

in

Table 3.4. See appendix Figure a7 for organic CVs, Figure a3 for UV-Vis spectra,
and Figures a5 and a6 for emission/excitation PL spectra.

Table 3.4: Solution phase electrochemical and spectroscopic properties of complexes Ru(dpp)32+,
Ru(bpy)2(dn-bpy)2+ and Ru(bpy)32+ in CH3CN.

Abs

Emission – PL

(λmax/nm)

(λmax/nm)

-1.69

463

617

0.89

-1.69

454

628

0.89

-1.75

451

618

Complex

E° ox/V

E° red/V

Ru(dpp)32+

0.84

Ru(bpy)2(dn-bpy)2+
Ru(bpy)32+

All potentials vs. Fc. Concentrations for CV experiments were 1 mM in CH3CN with 0.1 M TBAPF6
supporting electrolyte, a 3 mm GC electrode was used. UV-Vis and PL were from 10 µM solutions in
CH3CN. Ru(bpy)32+ data from reference 51.

Electrodes were modified by simply drop-coating or spin coating a solution containing
the phytantriol and ruthenium complex dissolved in chloroform onto a GC or carbon
screen printed electrode surface.

After allowing the solvent to evaporate, the

mesophase was formed in situ, by immersing the coated electrode in water for a
minimum of 24 hrs. Alternatively, the pre-formed gel could simply be pasted directly
onto the conductive surface (see section 3.2.4 for procedures). However, as it was
difficult to achieve consistent electrochemical responses when using the manual gelpasting method, all further investigations were based on electrodes modified using
the drop-coating or spin coating methodology.
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Figure 3.12 shows the electrochemical response for a 3 mm GC electrode modified
with the Ru(dpp)32+ doped mesophase using the drop-coating technique at scan rates
from 0.5 to 0.02 Vs-1. Refer to appendix Figure a8 for slow scan rate CVs.
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Figure 3.12: Scan rate study of a drop coated Ru(dpp)32+/phytantriol GC electrode, supporting
electrolyte was 1.0 M HClO4, scan rates of 0.5 to 0.02 Vs-1 are shown.

A reversible redox process attributed to the ruthenium (II/III) couple was clearly
visible and was centred at 1.08 V vs. Ag|AgCl. ΔEp values observed for this type of
modified electrode varied between 130 and 150 mV over the range of 0.005 to 0.5
Vs-1. This may suggest that electron transfer at the electrode/mesophase interface
was relatively slow compared with the freely diffusing complexes (see appendix
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Figure a7 for a CV of solution phase Ru(bpy)2(dn-bpy)2+ and Ru(dpp)32+), or that the
mesophase gel contributed to ohmic drop in the cell.
The peak shapes appear tailed rather than Gaussian in nature, suggesting that
charge transport through the layer was a diffusive or diffusion-like process at these
scan rates, and that the ruthenium in the layer was not exhaustively electrolysed at
these electrochemical timescales.
Figure 3.13 shows the scan rate dependence of the peak oxidative currents (i p.a) from
the above set of CVs (Figure 3.12).
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Figure 3.13: Dependence of peak current (Ip.a) on the square root of scan rate from the CVs shown in
Figure 3.12 for Ru(dpp)32+/phytantriol GC electrodes, scan rates were 0.005 to 0.5 Vs-1. Circles
represent points at slower scan rates not fitting the linear trend which were omitted from the line of best
fit. Error bars represent the SD over three identical elecrodes.
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The peak current correlated in a linear fashion with the square root of the scan rate
between 0.02 and 0.5 Vs-1. This indicated that a semi-infinite diffusional mode of
charge transport was dominating in the layer at these experimental timescales. At
slower scan rates of 0.005 to 0.01 Vs-1, the beginnings of a transition to finite type
behaviour was observed, as the Nernst diffusion layer starts to be influenced by the
layer solution boundary.

This was evidence that at the lower scan rates, layer

oxidation was close to exhaustive.
The electrochemical response of screen printed electrodes, modified with the
Ru(dpp)32+ doped mesophase using an identical methodology to GC electrodes, is
shown in Figure 3.14.
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Figure 3.14: Scan rate study of drop coated Ru(dpp) 32+/phytantriol SPE, the supporting electrolyte was
-1
1.0 M HClO4, scan rates of 0.5 to 0.02 Vs are shown.
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For electrode responses at slower scan rates see appendix Figure a9.

These

electrodes behaved in a very similar manner to the modified GC electrodes described
previously. The ruthenium (II/III) redox couple was observed at an E° of 1.10 V vs.
Ag|AgCl.

An external reference electrode was used to ensure consistency

throughout all experiments. Ep values were larger by approximately 10 mV on SPE
substrates compared with GC (a range of 142 to 158 mV over a scan rate range of
0.005 to 0.5 Vs-1). This was due to an ohmic effect which arose as a consequence of
the organic binder used in their manufacture.
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Figure 3.15: Dependence of peak current (Ip.a) on square root of scan rate from the CVs shown in Figure
2+
-1
3.14 for a Ru(dpp)3 /phytantriol SPE, scan rates were 0.005 to 0.2 Vs . Error bars represent the SD
over three identical elecrodes.
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The peak oxidative currents from the scan rate study once again correlated strongly
with the square root of the scan rate, as shown in Figure 3.15, indicating diffusive
type electron transport at all timescales studied.
The transition to finite diffusional type behaviour seen on GC substrates was not
observed at the same lower scan rates/longer time scales with the SPEs. This may
be explained by the fact that the deposition solution tended to spread off the GC but
not the screen printed electrodes, resulting in a slightly thinner layer.
SPEs drop coated with Ru(bpy)2(dn-bpy)2+ doped mesophase (Figure 3.16) exhibited
some differences in electrochemical behaviour when compared to the SPEs based
on Ru(dpp)32+.
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Figure 3.16: Scan rate study of a drop coated Ru(bpy)2(dn-bpy)2+/phytantriol SPE, the supporting
electrolyte was 1.0 M H2SO4, scan rates of 0.5 to 0.025 Vs-1 are shown.
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Physically, the layers deposited on the electrodes via drop coating appeared similar
to the Ru(dpp)32+ layers, identical volumes were drop coated onto identical
substrates.

However, a markedly different response was observed.

CVs from

Ru(bpy)2(dn-bpy)2+ (Figure 3.16) based SPEs exhibited peaks with greater definition,
and a more obvious Gaussian character, with less peak tailing at slow scan rates.
Unlike the case with the Ru(dpp)32+ based gels, which required perchlorate
electrolyte, H2SO4 was the electrolyte that provided the best electrochemical
response with Ru(bpy)2(dn-bpy)2+ based SPEs.
A clear reversible redox wave was visible with an E° of 1.07 V vs. Ag|AgCl, and
typical CVs are shown in Figure 3.16 at scan rates from 0.025 to 0.5 Vs-1. See
appendix Figure a10 for responses at slow scan rate. Ep values ranged from 40 to
124 mV over a scan rate range of 0.005 to 0.5 Vs -1, suggesting a transition to finite
type behaviour in the layer at, scan rates less than approximately 0.08 Vs-1.
The results of the scan rate study depicted in Figure 3.17 showed an earlier transition
towards finite type behaviour than was observed from either GC electrodes or SPEs
modified with Ru(dpp)32+ doped mesophase. The transition occurred at scan rates
slower than approximately 0.1 Vs-1, as opposed to scan rates less than 0.02 Vs-1 with
Ru(dpp)32+ on GC substrate, or not at all with Ru(dpp)32+ on SPEs.
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Figure 3.17: Dependence of peak current (Ip.a) on the square root of scan rate from the CVs shown in
Figure 3.16 for Ru(bpy)2(dn-bpy)2+/phytantriol SPEs, scan rates were 0.005 to 0.5 Vs-1. Squares
represent points at slower scan rates not fitting the linear trend which were omitted from the line of best
fit. Error bars represent the SD over three identical elecrodes.

Similar transitional electrochemical behaviour was observed with Ru(bpy)2(dn-bpy)2+
mesophase based SPEs in other electrolytes, for example 1 M HClO 4. CV peak
shapes however were not as ideal in HClO4.

Also, in perchlorate media some

asymmetry was observed in the oxidative and reductive branches, which was not
observed with Ru(dpp)32+ doped mesophase based electrodes in HClO4 electrolyte,
or Ru(bpy)2(dn-bpy)2+ based electrodes in H2SO4 electrolyte. The reason for this
behaviour was unknown. See appendix Figures a11 to a13 for CVs and scan rate
studies of Ru(bpy)2(dn-bpy)2+ based SPEs performed in 1 M HClO4.
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In order to investigate the effect of layer thickness on the electrochemical behaviour
of the modified electrodes, a substrate that could be conveniently spin coated was
used - glassy carbon discs.

Spin coating was not possible onto traditional GC

electrodes or SPEs as they were unable to be held in the spin coater without causing
dangerous imbalances. Spin coating allowed the reproducible formation of a film of
uniform thickness over the electrode surface.
Figure 3.18 presents the electrochemical behaviour of spin coated Ru(bpy) 2(dnbpy)2+ doped mesophase films on glassy carbon discs at scan rates from 0.5 to 0.05
Vs-1, see appendix Figure a14 for slow scan rate responses. The voltammetry was
somewhat different in appearance to that of the drop-coated electrodes.
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Figure 3.18: Scan rate study of a spin coated Ru(bpy)2(dn-bpy)2+/phytantriol GC disc electrode, spin
coating parameters were 5000 rpm for 30 s, 20 µL solution dropped onto the disc, the supporting
electrolyte was 1.0 M LiClO4, scan rates of 0.5 to 0.05 Vs-1 are shown.
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Due to the smaller layer thickness, exhaustive oxidation was observed at higher scan
rates, and electrodes exhibited classic finite diffusional behaviour far more readily.
Ep decreased significantly as the scan rate was reduced, with values less than 59
mV observed at scan rates less than 0.05 Vs-1, and were 24 mV and 17 mV at 0.01
and 0.005 Vs-1 respectively. The Ep was significantly lower at the lowest scan rates
than those observed from Ru(bpy)2(dn-bpy)2+ based drop coated SPEs.
For these layers, Figure 3.19 shows that the peak current varied linearly with the
scan rate up to approximately 0.05 Vs-1, where a transition to square root
dependence became evident.
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Figure 3.19 Dependence of peak current (Ip.a) on the scan rate from the CVs shown in Figure 3.18 for a
2+
-1
Ru(bpy)2(dn-bpy) /phytantriol GC disc electrode, scan rates were 0.005 to 0.2 Vs . Squares represent
points at highest scan rates not fitting the linear trend which were omitted from the line of best fit.
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As expected, the surface coverage () for these layers (2.7 x 10-10 mol cm-2)
calculated using the charge under the slow scan rate CV peak, was considerably
lower than that of the drop coated layers.

Surface Coverage
Electro-active surface coverages were determined by integrating background
subtracted slow scan rate CVs (0.005 Vs-1). This was in order to determine the
charge passed due to the oxidation/reduction of the ruthenium complex in the
mesophase gel. The results are summarised in Table 3.5.
Given that the amount of ruthenium complex deposited was approximately 1 x 10-9
mol (drop coated layers), this implied that only 10-35% of ruthenium centres in the
layer were electrochemically active.

The remainder were presumed to be

immobilised in regions of the mesophase which were inaccessible to charge
compensating electrolyte ions.

Table 3.5: Electro-active surface coverages, derived from the integration of background subtracted
oxidative CV peaks at 0.005 Vs-1. 1 M HClO4 electrolyte unless stated.

Complex

Electrode

Modification

substrate

method

Ru(dpp)32+

GC, 3 mm diameter

Ru(dpp)32+

SPE, 3 mm diameter

Ru(bpy)2(dn-bpy) 2+ a

SPE, 3 mm diameter

Ru(bpy)2(dn-bpy) 2+ b
a
b

5.4 ± 0.2 x 10-10
Drop coat,
1% w/w

GC disc, 10 mm

Spin coat,

diameter

1% w/w

H2SO4 electrolyte
LiClO4 electrolyte

111

/mol cm-2

1.6 ± 0.2 x 10-9
6.1 ± 0.3 x 10-9
2.7 x 10-10
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Charge Transport Rates
The charge transport diffusion coefficient D CT can be calculated using the
concentration of ruthenium within the gel, and the slopes of the peak current vs.
square root of scan rate graphs, presented in Figure 3.15 and Figure 3.17, with the
Randles-Sevçik equation shown below.
3

1

i p 2.69 105 n 2 AD 2

1

2

C

(1)

The DCT characterises the rate of charge transport in the layer. Only data from scan
rate ranges that exhibited a linear correlation with the square root of scan rate were
used. These results are summarised in Table 3.6.

Table 3.6: DCT values for 1% Ru(bpy)2(dn-bpy)2+ and 1% Ru(dpp)32+ mesophase modified SPEs.
Experimental conditions: 1M HClO4 electrolyte

Ru. Complex
Ru(dpp)32+
Ru(bpy)2(dn-bpy)2+

Modification

Substrate

method

SPE (3 mm diameter)

DCT/cm2s-1

Drop coat,

1.63 ± 0.02 x 10-8

1% w/w

6.32 ± 0.1 x 10-7

The DCT values were slightly faster for electrodes based on Ru(bpy) 2(dn-bpy)2+, and
generally indicated a slow rate of charge transport through the film when compared
with diffusion coefficients for freely diffusing species (typically of the order of 10-5
cm2s-1).

However, when compared with typical charge transport rates in redox

polymers, these values may be considered quite rapid. This was evident for the
examples of the redox polymer Ru(bpy)2PVP10 or Nafion based ion exchange
systems which exhibit charge transport rates of the order of 10-10 cm2s-1.4,52
Similar differences in apparent diffusion coefficients for species studied at an
electrode coated with cubic phase material have been observed in the literature. For
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example, diffusion coefficients for Ru(NH)63+ and benzoquinone at an electrode
coated with monoolein cubic phase were orders of magnitude slower than in
solution.53 In a case somewhat similar to that examined here, amphiphilic derivatives
of ferrocene were immobilised in monoolein/water cubic phase systems.

The

reported charge transfer rates were approximately two orders of magnitude slower
for immobilised ferrocene within the mesophase, when compared to values in
acetonitrile.50
As indicated by equation (2) below, two modes of electron transport can contribute to
the overall electron transport properties of modified electrodes.
DCT = DET + DPHYS

(2)

The first is electron hopping, a process by which electrons are transferred directly
from electro-active molecule to molecule. The second is physical diffusion whereby
the mobility of the redox moiety within the layer governs the movement of charge.
Notionally, ruthenium complexes are free to diffuse within the bicontinuous
membrane that forms the cubic phase, without physically escaping from the layer.
The likelihood of electron hopping events occurring can be determined by estimating
the intermolecular distance between ruthenium centres within the gel.

This was

based on the complex concentrations and calculated to be 6.5 nm for Ru(bpy)2(dnbpy)2+ gels, and 6.9 nm for Ru(dpp)32+ gels. As these distances were too high to
sustain rapid electron transfer, electron hopping in this system was unlikely to be
dominant.

We therefore concluded that electron transport occurs primarily via

physical diffusion of ruthenium molecules within the gel, through the bicontinuous
membrane formed by the cubic phase liquid crystal. The relatively slow rates of
diffusion can then be readily ascribed to the viscosity of the gel.
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3.3.3 Effect of Electrolyte Anion
The effects of different electrolytes on the magnitude and quality of the
electrochemical responses for the mesophase modified SPEs revealed some
interesting trends.

The most ideal electrochemical responses in regards to CV

analysis were observed in HClO4 electrolyte for Ru(dpp)32+ based electrodes, and
H2SO4 for Ru(bpy)2(dn-bpy)2+ electrodes.

The effects on the magnitude of the

responses (Ip.a values) are summarised in Figure 3.20.

The general trends are

summarised in Table 3.7.
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Figure 3.20: CV peak current responses (Ip.a) for Ru(bpy)2(dn-bpy) and Ru(dpp)3 based mesophase
modified SPEs in various electrolytes at 0.1 M concentration. Data summarised from Figure 3.21 and
Figure 3.22.
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Table 3.7: General CV response quality from SPEs drop coated with 1% w/w ruthenium complex in
phytantriol in various electrolytes.

Drop coated

Drop coated

Ru(dpp)32+ SPE

Ru(bpy)2(dn-bpy)2+

CV

SPE CV

HClO4

Excellent

Excellenta

LiClO4

Excellent

Excellenta

KPF6

OK

Excellent

KCl

Poor

Excellent

H2SO4

Poor

Excellent

PBS

None

Excellent

Electrolyte
(0.1 M)

a:

some peak asymmetry observed in these electrolytes.

Electrodes based on the more hydrophobic complex Ru(dpp)32+ were only
electrochemically active when a relatively hydrophobic electrolyte anion (such as
ClO4- or PF6-) was used. For example, in KCl or H2SO4 electrolytes only very illdefined redox waves were evident unlike the case with HClO4. When phosphate
buffer was used no redox wave was visible.

For Ru(dpp)32+ doped mesophase

electrodes, the order of electrolytes in regards to the magnitude of the CV response
was HClO4 > KPF6 > H2SO4, KCl, PBS.

CVs of the Ru(dpp)32+ based SPEs in

various electrolytes are shown in Figure 3.21. This type of ion dependence has been
noted in previous investigations involving solid-state electrochemical transitions,54
and was investigated by Barbante and co-workers,46 as well as Keane et al.55 Their
work reported on electrodes coated with microcrystals of hydrophobic ruthenium and
osmium complexes in aqueous electrolytes, (including Ru(dpp)32+) with similar results
to those presented here.
The electrolyte specific response for Ru(dpp)32+ highlights the importance of the ion
transfer step at the mesophase/electrolyte interface. Anions of low charge density
(such as ClO4-) will be weakly solvated, and thus have a more hydrophobic character.
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This increase in hydrophobicity may allow easier penetration of the hydrophobic
regions of the cubic phase phytantriol gel, where the Ru(dpp) 32+ complex was most
likely resident. CVs of Ru(bpy)2(dn-bpy)2+ based SPEs in multiple electrolytes are
shown in Figure 3.22.
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Figure 3.21: Responses of Ru(dpp)3 /phytantriol drop coated SPEs to various electrolyte solutions, the
-1
electrolyte concentration was 0.1 M, a scan rate of 0.1 Vs was used.
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Figure 3.22: Responses of Ru(bpy)2(dn-bpy) /phytantriol drop coated SPEs to various electrolyte
solutions, the electrolyte concentration was 0.1 M, a scan rate of 0.1 Vs -1 was used.

Drop coated SPEs based on Ru(bpy)2(dn-bpy)2+ displayed no such dependence on
anion identity.

This strongly suggested that Ru(bpy)2(dn-bpy)2+, having only one

lipophilic ligand, was differently incorporated into the mesophase structure, compared
with Ru(dpp)32+, which changed its accessibility to charge compensating counter117
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anions and therefore its ability to be electrochemically addressed. This was evident
by the lack of requirement for a hydrophobic anion to observe electrochemical activity
from the modified electrodes.

This will be discussed further in section 3.3.5 in

relation to the relative ECL intensities from each ruthenium doped mesophase.
Although the shape and character of the CVs changed slightly with the different
electrolyte anions (as expected due to the different character of each anion and the
possibility of interactions with the mesophase), each had the ability to successfully
access the ruthenium complex immobilised within the mesophase layer. Reversible
electrochemical responses were observed with anions such as KCl and PBS, in
which

the

electrodes

modified

with

Ru(dpp)32+

doped

mesophases

were

electrochemically silent.

3.3.4 Ion Pairing Effects
The dependence of the observed E° on electrolyte concentration was investigated in
order to probe ionic interactions with the ruthenium doped mesophase gel. Figure
3.23 shows CVs from both Ru(dpp)32+ and Ru(bpy)2(dn-bpy)2+ mesophase modified
SPEs at 0.1 Vs-1 scan rate in different concentrations of HClO4 and H2SO4
electrolytes respectively. Figure 3.24 shows the corresponding trend in E° vs. log of
anion concentration.
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Figure 3.23: Dependence of voltammetric responses on electrolyte concentration. CVs from (A) 1%
Ru(dpp)32+ and (B) 1% Ru(bpy)2(dn-bpy)2+ mesophase drop coated modified SPEs, SPEs were cycled
in multiple concentrations of electrolyte, HClO4 for electrode A, and H2SO4 for electrode B.

Assuming electrochemical reversibility, the Nernst equation predicts a slope of 59 mV
per decade concentration change of electrolyte. The experimental data presented in
Figure 3.24 exhibited a slope of 100 mV for Ru(dpp)32+ and 84 mV for Ru(bpy)2(dnbpy)2+ mesophase modified SPEs respectively.
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Figure 3.24: Dependence of E° (from the CVs shown in Figure 3.23) on log of electrolyte concentration
for Ru(dpp)32+ and Ru(bpy)2(dn-bpy)2+ based SPEs.

This suggested that the electrodes were behaving in an approximately Nernstian
fashion, however the slope is greater than the expected 59 mV. This could be due to
localised variations in electrolyte concentration within the internal volume of the film,
or incomplete equilibration of the film with the surrounding electrolyte.

3.3.5 ECL from Drop Coated Electrodes
Ru(bpy)2(dn-bpy)2 based mesophase modified SPEs exhibited strong ECL in the
presence of a number of co-reactants. Ru(dpp)32+ based electrodes also produced
120

Chapter 3 Mesophase Modified Electrodes for ECL Detection

ECL but of a lower intensity. Figure 3.25 illustrates typical ECL/current vs. potential
traces for 1% Ru(bpy)2(dn-bpy)2+ and Ru(bpy)32+ mesophase modified SPEs with and
without co-reactant (in this case TPA) present. Emission was approximately five
times more intense from the Ru(bpy)2(dn-bpy)2+ electrodes compared with
Ru(dpp)32+, under these conditions.
The CV (current) responses exhibited a typical EC type mechanism as evidenced by
the large increase in oxidative current when TPA was present, compared to the blank
CV. This was consistent with homogenous oxidation of TPA by Ru 3+ within the gel as
the primary mechanism (equation 4). Close inspection of the CV responses also
suggested that some direct oxidation of TPA (equation 5) was taking place, and that
the co-reactant can penetrate the mesophase layer. Direct oxidation of TPA was
also evident with Ru(dpp)32+ mesophase modified GC electrodes, for ECL and
current traces see appendix Figure a16.

Ru(bpy)2(dn-bpy)2+  Ru(bpy)2(dn-bpy)3+ + e- (at electrode)

(3)

Ru(bpy)2(dn-bpy)3+ + TPA  Ru(bpy)2(dn-bpy)2+ + TPA• +

(4)

TPA  TPA• + + e- (at electrode)

(5)

TPA• +  TPA• + H+

(6)

Ru(bpy)2(dn-bpy)3+ + TPA•  Ru(bpy)2(dn-bpy)2+ * + P

(7)

Ru(bpy)2(dn-bpy)2+*  Ru(bpy)2(dn-bpy)2+ + hv

(8)
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Figure 3.25: ECL and current traces from 1% Ru(bpy)2(dn-bpy) (shown on the left hand side) and
2+
Ru(dpp)3 (right hand side) drop coated mesophase modified SPEs in the presence and absence
(blank) of 1 mM TPA. The top graphs represent current, while the bottom graphs represent ECL. The
scan rate was 0.1 Vs-1.

It can be concluded that the co-reactant mechanisms resulting in ECL emission at
these modified electrodes with TPA were probably similar to those discussed in
Chapters 1 and 2, in regards to amine co-reactants, and are shown in equations 3 to
8. That is, ECL was generated by a combination of two simultaneous processes
involving oxidation of the amine directly at the electrode, and indirectly via Ru3+
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(equations 5 and 4 respectively), followed by the generation of an excited state and
ECL emission via the reaction of Ru3+ with the TPA radical (equations 7 and 8
respectively).
Ru(dpp)32+ doped mesophases produced significantly lower ECL when compared
with electrodes based on Ru(bpy)2(dn-bpy)2+.

Moreover their response rapidly

dropped to close to zero after the first scan. The average ECL intensity with 1 mM
TPA as co-reactant (average of peak ECL from five consecutive CV scans with light
detection at 0.1 Vs-1) is shown in Figure 3.26 for electrodes identical to those shown
in Figure 3.25.

ECL Intensity / AU

1.0

0.5

0.0

Ru(bpy)2(dn-bpy)2+ SPE

Ru(dpp)32+ SPE

Figure 3.26: Average ECL intensity over five consecutive ECL-CVs, normalised such that Ru(bpy)2(dn2+
bpy) = 1. Electrodes and experimental conditions were identical as those used in Figure 3.25.

On a signal to blank ratio basis, the results are similar, with Ru(dpp)32+ based SPEs
achieving half the signal to blank ratio as those based on Ru(bpy) 2(dn-bpy)2+. The
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differences in ECL behaviour and intensity observed from these electrodes was
surprising since, as discussed in section 3.3.2, Ru(dpp)32+ and Ru(bpy)2(dn-bpy)2+
based mesophase modified electrodes exhibited broadly similar electrochemical
properties, and Ru(dpp)32+ is known to have superior luminescent properties.
The relatively poor ECL response from Ru(dpp)32+ gel drop coated electrodes may be
due to the manner in which the ruthenium complex was integrated into the
mesophase.

Unlike Ru(bpy)2(dn-bpy)2+, Ru(dpp)32+ is uniformly hydrophobic and

thus could be envisaged as becoming far more deeply embedded within the
hydrophobic regions of the cubic phase liquid crystal. This explained why Ru(dpp)32+
based electrodes were rendered electrochemically inert in more strongly solvated
electrolytes such as KCl or PBS, and why only hydrophobic electrolytes were able to
access the Ru(dpp)32+ centres and facilitate charge transport through the
mesophase, as discussed previously. Because ECL required a co-reactant to enter
the layer, it was probable that this same hydrophobic property resulted in coreactants having restricted access to the oxidised ruthenium centres when
completely submerged within the walls of the mesophase structure, which in turn
limited the ECL generated from the Ru(dpp)32+ electrodes.
With respect to hydrophobicity, Ru(bpy)2(dn-bpy)2+ had a mixed character. The bpy
ligands and metal were relatively hydrophilic, while the single dn-bpy ligand was
highly hydrophobic. It was envisaged that this “hydrophobic tail” on the ruthenium
complex became embedded in the hydrophobic regions of the mesophase, while the
more hydrophilic portion of the molecule retained a higher level of electrochemical
addressability (and thus ECL activity) within the water channels. This concept is
illustrated in Figure 3.27.
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Figure 3.27: Cartoon showing Ru(dpp)32+ submerged to a deeper degree in the lipid bilayer forming the
cubic phase compared to Ru(bpy)2(dn-bpy)2+, which remains more electrochemically addressable. Not
to scale.

The ECL emission spectrum from SPEs drop coated with Ru(bpy)2(dn-bpy)2+ doped
mesophase gel was recorded using a CCD spectrometer. Emission was recorded
using a solution of 10 mM oxalate as co-reactant, extended chronoamperometry
pulses were applied in order to generate sufficient emission intensity. Figure 3.28
indicates that ECL emission and photoluminescence (excitation wavelength 450 nm)
were observed at similar wavelengths of approximately 630 nm of 630 nm. This
indicated that emission was occurring from an identical excited state during coreactant ECL and when the ruthenium complex was excited via irradiation at 450 nm.
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Figure 3.28: ECL vs. PL emission. ECL emission was from a drop coated 1% Ru(bpy)2(dn-bpy)2+ based
SPE and PL from 10 µM complex in ACN, the PL excitation wavelength was 450 nm. ECL was
generated using 10 mM oxalate as co-reactant in 0.1 M KCl at pH 6.

3.3.6 Analytical Applications
Investigations into the potential for analytical application was limited to electrodes
based on Ru(bpy)2(dn-bpy)2+ due to their superior ECL intensity, favourable
electrochemical characteristics and tolerance for a wide range of electrolytes.
Typical ECL traces from mesophase modified electrodes using the model ECL coreactant TPA generated via CV are shown in Figure 3.25. The analytical application
of mesophase modified SPEs based on Ru(bpy)2(dn-bpy)2+ was also investigated
with

two

other

known

ECL

co-reactants,
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Chronoamperometry was used to elicit the ECL emission, as it was found to give
more reproducible results than generating ECL via CV.
Each data point in Figure 3.30 (and later calibration curves) was the average of three
pulses, with error bars of one standard deviation. Due to the known dependence of
co-reactant ECL on pH, KCl rather than H2SO4 was used as the electrolyte for ECL
studies. The pH used for analysis of each co-reactant was identical to those found to
be optimal in Chapter 2. The ECL flow cell described in section 3.2.3 was used
throughout these studies, and a stopped flow methodology was used for the
chronoamperometry experiments.
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Figure 3.29: ECL/chronoamperometry response from a drop coated Ru(bpy)2(dn-bpy)2+/phytantriol
based SPE to 32 µM oxalate, the supporting electrolyte was 0.1 M KCl at pH 6.0. The current trace is
offset by -1 s for clarity, chronoamperometry pulse sequence was from 0 to 1.3 V vs. SPE inbuilt
Ag|AgCl reference electrode, duration was 0.2 s.
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Figure 3.29 shows a typical ECL/chronoamperometry pulse sequence. The ECL
response showed a reasonable level of reproducibility, which varied depending on
the concentration, co-reactant identity, or pulse sequence used. For example the
RSD of the ECL response for three consecutive measurements of 32 µM oxalate was
5.44%. Chronoamperometry currents did not correlate with the concentration of coreactant at the concentrations examined.
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Figure 3.30: Dependence of ECL response on concentration of oxalate, from 16 to 500 µM for a
2+
Ru(bpy)2(dn-bpy) /phytantriol based SPE, the supporting electrolyte was 0.1 M KCl at pH 6.0,
chronoamperometry pulse sequence was 0.2 s at 1.3 V vs. Ag|AgCl SPE reference. Error bars
represent the SD over three pulses.

A typical calibration curve generated from a mesophase modified SPE is shown in
Figure 3.30. Generally, the linear ranges observed from these modified electrodes
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were relatively small for ECL systems. Other reported ECL modified electrodes8
often exhibit linear ranges extending well into the mM range, while the electrodes
investigated herein did not display a linear response with oxalate above
approximately 500 µM.
This limited range of linearity may have been due to slow diffusion of the co-reactant
into the mesophase film, or the slow rate of regeneration of the oxidised form of the
complex (as characterised by DCT). Such processes were likely to limit the linearity of
ECL responses to higher concentration of co-reactant.
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Figure 3.31: ECL response from a drop coated 1% Ru(bpy)2(dn-bpy) /phytantriol based SPE to oxalate
at concentrations of 0, 0.05, 0.5, 2, 16 and 32 µM, the supporting electrolyte was 0.1M KCl at pH 6.0
and the pulse sequence was identical to that used in Figure 3.30.
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Conversely, the electrodes exhibited non-linear responses to low concentrations of
co-reactant, however the responses were still significantly above the recorded
intensity of the blank.

A series of stacked ECL responses to a single

chronoamperometry pulse are shown in Figure 3.31 at low concentrations. The ECL
response at 0.05 µM was still well above the blank and easily detectable; however
the response curve from concentrations from close to zero to 10 µM was not linear
with those at higher concentrations, see appendix Figure a18 for an example.
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Figure 3.32: Dependence of ECL response for a Ru(bpy)2(dn-bpy)2+/phytantriol based SPE to codeine
concentrations of 0.5 to 500 µM, the supporting electrolyte was 0.1M KCl at pH 4.0.
A
chronoamperometry pulse of 1 s at 1.3 V vs. Ag|AgCl SPE reference was used. Error bars represent
the SD over three pulses.
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The codeine and TPA (Figure 3.32 and Figure 3.33) calibration curves showed a
similar trend, with limited linear ranges observed. The electrodes exhibited a linear
response to TPA over the very limited range of detection from 0.5 to 125 µM. This
range was limited in comparison to those reported for other forms of ECL modified
electrodes.56-59
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Figure 3.33: Dependence of ECL response for a Ru(bpy)2(dn-bpy)2+/phytantriol based SPE on TPA
concentrations of 2 to 125 µM, the supporting electrolyte was 0.1M KCl at pH 7.5.
A
chronoamperometry pulse of 0.5 s at 1.3 V vs. Ag|AgCl SPE reference was used. Error bars represent
the SD over three pulses.
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Table 3.8: Summary of LODs for mesophase modified SPEs based on 1% Ru(bpy) 2(dnbpy)2+/phytantriol, calculated using a blank + 3 x blank SD method at 5 µM.

LOD/M
Oxalate
TPA

Linear Range/µM
-8

10 - 500

-7

0.5 - 125

-7

0.5 - 200

3.57 x 10
1.96 x 10

Codeine 4.25 x 10

Limits of detection for these electrodes with oxalate were quite impressive, and were
amongst the lowest reported for an ECL based modified electrode for the detection of
oxalate.

Generally co-reactant ECL systems show the greatest sensitivity to

secondary and tertiary amine co-reactants, and relatively weak emission with
oxalate. These electrodes however displayed a much higher level of sensitivity to
oxalate, and achieved a LOD of approximately six times lower when compared to
TPA. This LOD was also significantly lower than that observed with our solution
phase ECL-FIA system investigated in Chapter 2.
A similar preference for oxalate has been observed in other ECL based modified
electrode systems.

Hogan and co-workers4 investigated the ECL properties of

metallopolymers incorporating ruthenium bipyridine systems, and found the resulting
ECL active films showed almost no ECL activity when cycled in the presence of
amines. This was attributed to the cationic environment within the polymer layer
which excluded amines electrostatically.

The reported LOD for oxalate was

approximately 0.2 µM. It was possible that the relative affinity (compared to the
alkylamine co-reactants) of oxalate for the hydrophilic water channels in the
mesophase structure plays a role in the present study.
Limits of detection for codeine and TPA were quite low. Lower LODs have been
reported in the literature for modified electrode ECL systems for TPA and codeine,
often in the nM range or lower.56-59 However, it should be noted that our method of
calculating LOD, (blank + 3 x blank SD), differed from the methods often described in
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these papers. Many reports on these types of systems use the signal (minus blank)
to noise ratio (where the noise is the random variation in the baseline signal), which
can result in a much lower LOD. We believe the blank + three times the blank SD is
a more realistic method of quantifying an achievable LOD for this type of system. In
other words, it is the peak produced by the blank (as discussed in Chapter 2) which
defines the LOD rather than the background noise.
As mentioned previously, these electrodes exhibited a relatively small window of
linear response to co-reactant concentration. It was possible that the limited linear
range observed was due to limitations in the rate of diffusion of the co-reactant to the
oxidised ruthenium centres close to the electrode surface, within the mesophase gel.
The environment in which

the ruthenium complex was immobilised

had

interconnecting channels, which the co-reactant was required to diffuse through in
order to generate ECL.

As the time scales involved in the chronoamperometry

experiments used were quite short, it was unlikely that complete oxidation of the film
occurred, and thus co-reactants would have some distance to diffuse. This diffusion
process may also be affected by the interaction of the co-reactant with the gel. This
process would be influenced by the hydrophobicity and diffusion coefficient (within
the mesophase) of the co-reactant, thus contributing to the extent of its interaction
with Ru3+.
LODs found using ECL-FIA mode of detection (see Figure 3.34 for a typical trace)
described below, did not display the discrepancy between co-reactants observed in
the stop-flow chronoamperometry experiments. Because FIA was carried out under
constant potential bias, the layer was in a state of complete oxidation. Thus the
factors outlined above may not have as large an effect on ECL intensity, as diffusion
of the co-reactant through the film presented less of a limitation to ECL generation.
Thus, limits of detection for all co-reactants were of similar orders of magnitude.
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ECL–FIA
ECL-FIA with modified ECL electrodes could form the basis for an extremely simple,
sensitive and cost effective detection system. All that is required is the electrode (in
this case, based on an inexpensive, disposable SPE), a device to apply sufficient
oxidising potential to the electrode, a simple flow cell, and a light detector.
Initial experiments were carried out using the modified SPEs as FIA electrodes, held
at a constant oxidising potential (1.3 V) in a flowing stream of electrolyte (0.1 M KCl).
Injections of analyte made up in electrolyte solution created a burst of light when they
reached the electrode, due to the reaction with oxidised Ru 3+ centres and the analyte.
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Figure 3.34: Representative ECL-FIA trace from a 1% Ru(bpy)2(dn-bpy) /phytantriol SPE held at a
constant potential of 1.3 V vs. Ag|AgCl, injections of codeine phosphate at 5 to 50 µM were made, the
supporting electrolyte/flowing stream consisted of 0.1 M KCl at pH 4.0, the flow rate was 1.0 mL/min.
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Table 3.9: LODs derived using ECL-FIA, calculated at 5 µM.

Co-reactant

LOD/M

Oxalate

1.4 x 10-7

TPA

5.3 x 10-7

Codeine

1.7 x 10-7

Figure 3.34 shows a representative FIA trace showing the ECL response to replicate injections of
codeine phosphate in a flowing stream of KCl. Estimates for LOD using FIA mode are summarized in

Table 3.9.
Calibration curves are not presented for this method of detection, as the long-term
stability of the electrode was not sufficient in a flowing stream to explore the linear
range of the system. Limits of detection were calculated as the concentration at
which signal intensity would be equal to an S/N ratio of two, as calculated from the
signal intensity at 5 µM. The blank in this case consisted of noise induced by the
background light emission at steady-state intensity from the reaction between the
oxidised ruthenium complex and the electrolyte.
FIA mode of detection showed some significant promise, however these results
should be regarded as proof of concept only. Electrode degradation was a significant
factor and limited the usefulness of this detection mode. It was possible that the
exposure of the mesophase gel to a flowing stream accelerated the degradation of
the electrochemical response, or that extended periods of time held at a constant
potential caused more rapid degradation.

3.3.7 Stability & Reproducibility
The modified SPEs showed quite good electrochemical reproducibility.

From a

sample of eight identical electrodes, the RSD of oxidative current responses was
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11.2% (see appendix, Figure a17). Electrodes stored in water for extended periods
of time did not exhibit significant drops in electrochemical response.
In order to test the stability of the layer to electrochemical cycling, an electrode was
subjected to 500 CV scans (Figure 3.35), in sets of two, five minutes apart. This
equated to 2.5 hours of continuous cycling. Over this period, the response from the
electrode (as measured as the peak oxidative current, Ip.a) decreased by
approximately 11%. The change in electrode response was not investigated further,
as this was considered an acceptable level of stability.
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Figure 3.35: Stability of a Ru(bpy)2(dn-bpy)2+/phytantriol based SPE. The red trace (upper x-axis, right
y-axis) shows Ip.a measured from each of 500 sequential scans. The CVs (lower x-axis) show the
electrode
response
at
selected
intervals
over
the
500
scan
experiment.
The electrolyte was 1 M H2SO4 and the scan rate was 0.1 Vs-1 over the range 0.45 – 1.4 V.
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In an application setting, a sensing platform based on modified SPEs would likely use
a single electrode for a single analysis, or at most a limited number of tests.
Electrodes would often be replaced to maintain maximum system reliability. Due to
the inexpensive nature of SPEs, this would not add a significant amount of cost to the
operation of the system.
CVs and Ip.a changes over 500 scans are illustrated in Figure 3.35. The gradual
decease in Ip.a appeared to level out after approximately 300 scans, thus it was
reasonable to envisage that a stable response might continue to be recorded for an
extended period.

Regardless, the electrodes exhibited a stable electrochemical

response over an extended timeframe, demonstrating that the Ru(bpy)2(dn-bpy)2+
complex was immobilised on the electrode within the cubic phase in a stable manner.
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3.4 Conclusions
ECL active ruthenium complexes were successfully integrated into liquid crystal
mesophases. The ruthenium complex (Ru(bpy)2(dn-bpy)2+) was designed especially
for this purpose. This complex contained both hydrophobic and hydrophilic ligands.
This route provided far superior results compared with the uniformly hydrophobic
complex Ru(dpp)32+, or the uniformly hydrophilic complex Ru(bpy)32+.
The structure of the mesophase and effects of the ruthenium complex on the
phytantriol cubic phase were characterised using SAXS. The ruthenium complexes
immobilised in the phytantriol cubic phase were found to be electrochemically
addressable. Basic characterisation of this electrochemical system was undertaken,
investigations into charge transport revealed the electrodes exhibited faster apparent
DCT values than other comparable modified electrodes, but significantly slower than
those observed in solution phase.
SPEs drop coated with a mixture of phytantriol and ruthenium complex dissolved in
CHCl3 resulted in the most intense co-reactant ECL. The analytical utility of these
electrodes was investigated with respect to a number of common ECL co-reactants,
oxalate, codeine and TPA. Relatively low limits of detection and moderate ranges of
linear response were observed for the co-reactants investigated, with oxalate
producing the best results in terms of LOD as well as linear range.
This work lays a basic foundation for future work based on mesophase modified
electrodes for ECL detection, and was by no means an exhaustive study.
Mesophase modified electrodes for ECL detection will prove to be an exciting area of
research, as phytantriol is cheap, safe (non-toxic), and can easily be handled. This
method for electrode modification requires no advanced chemical techniques, and
could easily be adapted to simple mass production methods.

For example,

ruthenium-in-phytantriol could easily be printed onto electrode arrays. In addition,
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mesophase modified electrodes could offer a facile route to enzyme linked ECL
based modified electrodes.
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4.1 Introduction
ECL continues to grow in importance as a highly sensitive detection technique.1-5
Many diverse applications have emerged in recent times, related to rapid screening
and quantification of classes of analyte, including clinical biomarkers, food borne
pathogens and bio-warfare agents.6 Commercially, particular focus has been placed
on antibody and nucleic acid based assays in clinical diagnostics and research based
settings. All current commercialised ECL-based detection systems are based on the
luminophore Ru(bpy)32+ or derivatives thereof,4 examples of which are discussed in
Chapter 1. However, research directed toward discovery of new luminophores for
ECL based assays has intensified in recent years. Much effort has focussed on
manipulation of photophysical, electrochemical and chemical properties, for example
tuning of ECL efficiency, emission wavelength, redox potential and solubility.5,7-11
This has resulted in much exploration of ruthenium, iridium and other metal based
emitters, as well as investigation of nanomaterials such as quantum dots.12-14 An
important advance in this area was the development of ECL from cyclometalated
iridium(III) complexes.8,15-18

Compared to their ruthenium counterparts, these

complexes exhibit considerable variation in their photophysical and electrochemical
properties, with emission maxima across the visible range, and a wide range of redox
abilities.19-22
Bard and Whitesides23 recognised early on that the excitation and emission
processes inherent in ECL could provide a basis for multiplexed detection, in a
similar but more advanced fashion to multiplexed biochemical assays based on
emission from varied fluorescent dyes.

It would be highly desirable if ECL

luminophores could be selectively excited based on their oxidation potentials, or
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selectively detected based on emission spectral distribution.

The prospect of

selectively controlling the emission wavelength from an ECL reaction suggests
exciting possibilities for multiple analyte detection, enhanced multiplexed assays, and
built in internal standards.7,15 These ideas rely on having luminophores with suitably
separated spectral distributions or oxidation potentials, or both, as well as being
efficient ECL luminophores. Other approaches to multiplexed ECL detection, such
as those based on spatial control of the luminescent reaction in multi-plate (multielectrode) systems, were discussed in Chapter 1.
These ideas were explored to a small extent by Richter and co-workers,7,15 who
demonstrated simultaneous and spectrally resolved (though spectral overlap was
significant) emission from mixtures of Ru(bpy)32+ (max = 620 nm) and either Ir(ppy)3
(max = 517 nm) or Ir(df-ppy)2(pic) (max = 498 nm), with TPA as a co-reactant. More
recently, Schmittel and co-workers24 demonstrated potential tuneable emission, by
showing that the ratio of emissive states within a „non-Kekulé-structured‟ trinuclear
Ir(III)–Ru(II)–Ir(III) species were dependent upon the applied potential. This enabled
the wavelength of maximum ECL intensity to be tuned from 649 to 611 nm with
increasing anodic scan range.

While both of these investigations represent

significant steps towards selective multi-luminophore ECL systems, each involves
simultaneous emission from multiple excited states, limited selectivity or broad
spectral overlap.
In this Chapter these ideas are expanded by investigating control of the ECL spectral
distribution from multi-luminophore mixtures via modulation of the applied potential.
This approach is in many respects analogous to selective optical excitation of a
fluorescent molecule in a mixture, but with a higher degree of selectivity, as the
electrochemical properties often have more uniquely resolved features when
compared to the absorbance profile of a luminophore.

To facilitate these

experiments, a method for rapid collection and collation of ECL spectral data in
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synchronisation with voltammetric experiments was developed.

In addition, the

discovery of potential and co-reactant concentration dependant ECL switching of a
well-known iridium ECL luminophore, Ir(ppy)3, was explored, and a mechanism
proposed.

This property was used to demonstrate the complete and reversible

switching between the emissions from two distinct ECL luminophores within the
same solution, and was controlled by the applied potential.

Figure 4.1: Complexes used in this work, abbreviations: ppy = 2-phenylpyridine; bpy = 2,2-bipyridine; L
4
4
= N ,N -bis((2S)-1-methoxy-1-oxopropan-2-yl)-2,2-bipyridyl-4,4-dicaboxamide); df-ppy = 2-(2,4difluorophenyl)pyridine); BPS = 4,7-Diphenyl-1,10-phenanthroline disulfonate
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To be suitable for the type of experiments envisioned in this work, ECL luminophores
need to possess emission wavelengths with sufficient spectral gap. This requirement
allowed for easy differentiation of emissions, and/or sufficiently different oxidation
potentials to facilitate selective excitation. The complexes chosen for investigation,
along with their complimentary electrochemical and photophysical properties, are
shown in Figure 4.1.
The physical properties of the emitters are detailed in section 4.3.1.

These

complexes allowed for the development of a concomitant ECL system, exhibiting a
shift from red to red and green emission, using a combination of Ru(bpy)2(L)2+ and
Ir(df-ppy)2(BPS)-.25 In section 4.3.3, we demonstrated switchable systems exhibiting
green to red, and green to blue ECL, where the low potential emitter was switched off
at high potential, using combinations of Ir(ppy)3, Ir(df-ppy)3 and Ru(bpy)2(L)2+.
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4.2 Experimental

4.2.1 Reagents
Electrolytes, solvents and co-reactants were all of AR or electrochemical grade, and
purchased from Sigma Aldrich. TPA was distilled under vacuum over NaOH before
use.

Ir(ppy)3 and Ir(df-ppy)3 (99% and 96% respectively) were purchased from

Sigma Aldrich and used as supplied. Ir(df-ppy)2(BPS)- (sodium salt) was synthesised
by Elizabeth M. Zammit, a collaborator at Deakin University, and has been described
previously.11 Ru(bpy)2(L)2+ was synthesised by Dr N. W. Lewcenko (as the PF6 salt)
at Deakin University, and has been described previously.9

4.2.2 Electrochemistry and ECL
CV and SWV were performed as described in sections 2.2.1 and 3.2.5. Experiments
involving the collection of ECL spectra (CV and chronoamperometry) were performed
using an Autolab (Metrohm, B.V., Netherlands) PGSTAT12 potentiostat, while
experiments using PMT light detection were performed using a µAutolab instrument.
CVs and SWV were performed using a CH Instruments (Austin, TX, USA) 660B or
660C potentiostat. 3 mm GC electrodes were used for all ECL experiments. A 3 mm
boron doped diamond (BDD) electrode (Windsor Scientific, United Kingdom) was
used for CV experiments where indicated.
The reference electrodes used were Ag|AgCl (3 M KCl) for 1:1 CH3CN:PBS
electrolytes, and for purely organic solvents Ag wire or Ag|AgNO 3 (20 mM in CH3CN).
All reported potentials are corrected for the ferrocene/ferrocenium couple which was
measured in situ (referred to as Fc).
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4.2.3 UV-Visible and Fluorescence Spectroscopy
UV-Vis and fluorescence (emission and excitation) spectra were collected using
equipment as detailed in sections 3.2.6 and 2.2.4 respectively. A 1 cm path length
quartz fluorescence cell was used in all cases.

Spectra were acquired using a

concentration of 10 µM of the complex dissolved in CH3CN.

Responses were

corrected for variation in PMT response in all cases.

4.2.4 ECL Spectra and Three Dimensional ECL Plots
ECL spectra were collected using the equipment detailed in section 3.2.8. In order to
collect spectra that were synchronous with CV or chronoamperometry sequences,
the CCD spectrometer needed to be electronically triggered to begin, and stop
collecting data, using the potentiostat. The potentiostat was configured to send a +5
V trigger pulse to the spectrometer as an electrochemical experiment was initiated,
starting a continuous capturing sequence. The spectrometer continued to integrate
and save spectra of the specified integration time (generally 1 to 2 s for CV
experiments, or 10 to 20 s for chronoamperometry experiments), until the input on
the trigger pin of the CCD spectrometer was switched off (occurring at the end of the
electrochemical experiment). Alternatively, a „high speed spectral acquisition‟ mode
was used, in which spectra were acquired at a very rapid rate (20 to 100 ms
integration time). Multiple spectra were then averaged together to reduce noise.
For any particular CV-ECL experiment, the parameters of spectra integration time
and scan rate were optimised to deliver the desired spectral resolution and intensity.
For example, if the emission intensity from a particular experiment was low, the
acquisition time was increased. In order to maintain resolution, the scan rate would
then need to be lowered. If the ECL intensity emitted from the solution was too low
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for clean spectra in a single CV sweep, multiple sweeps were performed, and the
spectra for each time slice combined. Data were then smoothed using a Fourier
transform algorithm in order to reduce noise.

Examples of spectral resolutions

obtained for different scan rates using a 2 s integration time are detailed in Table 4.1.

Table 4.1: Examples of spectral resolutions obtained for different scan rates of three dimensional ECLCVs, with a CCD acquisition time of 2 s.

Scan rate,

Resolution, Time/CV

mVs-1

mV/spectra

Spectra/CV

12.5

25

64

32

25.0

50

32

16

50.0

100

16

8

100.0

200

8

4

Connections for electrodes
1.5 mm diameter fibre optic
USB Interface
PC – data
processing
and control

CCD spectrometer,
QE65000
(QE65000)

Light tight box –
contains ECL cell
and optic coupling

Potentiostat
PGSTAT12

Triggering interface

Figure 4.2: Diagram of the equipment used to collect three dimensional ECL spectra. Images adapted
from references 26 and 27.

Concentrations of luminophores in solution were optimised in order to provide
roughly equal emission intensities at the peak emission wavelengths. Mixtures of
Ir(ppy)3 and Ir(df-ppy)3 or Ru(bpy)2(L)2+ were examined in 100% CH3CN with 0.1 M
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TBAPF6 supporting electrolyte, while a 1:1 mixture of CH 3CN:H2O with 0.1 M PBS
electrolyte was used for combinations of Ir(df-ppy)2(BPS)- and Ru(bpy)2(L)2+. TPA
was used as the co-reactant in all cases.
In order to properly determine the features of the three dimensional spectra, spectral
resolutions of 50 mV/spectra or less were desirable.

1.4

Potential / V

1.2

Potential
ECL spectra number
1

1.0

2

3

4

5

6

7

8

0.8

0.6

-5

0

5

10

15

20

25

30

35

Time / s

Figure 4.3: Vertical lines represent the spectral slices of ECL emission taken over periods of a CV
waveform. The CV waveform illustrated (blue line) covers the range of 0.5 to 1.3 V at a scan rate of 50
mVs-1, with a spectral integration time of 4 s.

Figure 4.3 shows how a CV was broken up into spectral slices.

The spectral

integration time was 4 s, giving a resolution of 200 mV/spectra (a very low resolution,
but the process was thus clearly illustrated). The time taken for the spectrometer to
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save and transfer the spectra to the PC was relatively insignificant (less than 1 ms),
thus was not a significant source of error.
All solutions used to generate three dimensional ECL spectra were degassed with
grade five argon for ten minutes prior to use, and during ECL-CV experiments.
Performing the experiments under hydrodynamic conditions increased ECL intensity
to the detriment of the current - potential data collected from the CV. However, all
three dimensional ECL experiments were performed with a large excess of coreactant present, resulting in CV traces which provided relatively little meaningful
current vs. potential data in any case.

4.2.5 Photographic Images of ECL Emission
ECL reactions occurring at an electrode surface were photographed in a dark room,
using a digital camera.

A three electrode electrochemical cell as described in

previous experimental sections was used, using a clear glass or quartz cell. A high
quality digital camera was used, in order to achieve high sensitivity to light, and allow
manual controls of focus and shutter timings, allowing the capture of the ECL
emission. The camera was positioned at an appropriate distance under the ECL cell
to maintain focus on the working electrode surface.
Chronoamperometry experiments were performed in order to generate ECL by
pulsing the electrode potential between a specified oxidising potential and 0 V. The
camera shutter was manually operated. Solutions were degassed with argon before
and during the chronoamperometry pulse sequence.

Acknowledgement goes to

Donna Squire (Knowledge Media Division; Deakin University) for assistance with the
photography, as well as Dr Gregory Barbante and Elizabeth M. Zammit for their
assistance with the imaging experiments.
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4.3 Results and Discussion

4.3.1 Complex Properties
In order for the complexes to be clearly distinguished via the spectral distribution of
the emission from a mixture, a wide separation was desired. Likewise, separation of
oxidation potentials was required in order to investigate the possibilities of selective
excitation in a mixture. The complexes selected for this study are shown in Figure
4.1, with electrochemical and emission properties summarised in Table 4.2.

Table 4.2: Electrochemical and photoluminescence data.

Complex

a

Potentials/V vs. Fc

PL and ECL

E° ox

E° red

max

Ir(ppy)3

0.33

-2.70

520

Ru(bpy)2(L)2+

0.96

-1.47

666

Ir(df-ppy)3

0.69

-2.51

495

Ir(dp-ppy)2(BPS)-

1.25 a

n/a

530 / 547

TPA/TrPA•+

0.43 a

n/a

n/a

peak potential from SWV

The addition of electron withdrawing amide groups to the prototypical ECL
luminophore Ru(bpy)32+, results in a significant bathochromic shift (666 nm max
emission) by lowering the * (LUMO) energy level,9 resulting in a larger spectral gap
between it and Ir(ppy)3. Ir(ppy)3 exhibits a low oxidation potential and green (520
nm) emission. The oxidation potential of this complex was altered by the substitution
of the cyclometalating phenylpyridine ligand with a diimine ligand.17,28

The

deleterious bathochromic shift induced by the diimine ligand was countered by the
addition of electron-withdrawing fluorine groups on the phenyl rings of the remaining
phenylpyridine ligands,8,29 which stabilized the HOMO level from the metal and ligand
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orbitals, and further increased the Ir(II/IV) redox potential.8,30 The dianionic BPS
ligand also increased solubility in more analytically useful polar solvents. 8

The

emission maximum of Ir(df-ppy)2(BPS)– at 547 nm was sufficiently separated from
Ru(bpy)2(L)2+ (120 nm), moreover, its oxidation potential was significantly higher at
1.25 V vs. Fc Ir(df-ppy)3 exhibits a lower emission wavelength (495 nm), and higher
oxidation potential of 0.69 V vs. Fc compared to Ir(ppy) 3.
CVs of Ir(ppy)3, Ir(df-ppy)3 and Ru(bpy)2(L)2+ are discussed later in this chapter
(Figure 4.11 and Figure 4.13). For SWV and CVs of Ir(df-ppy)2(BPS)- see appendix
Figure a19 and a20.

Ir(df-ppy)2(BPS)Ru(bpy)2(L)2+
Ir(ppy)3

400

Emission Intensity

If(df-ppy)3

200

0
400

450

500

550

600

650

700

750

800

Wavelength / nm

Figure 4.4: Separate PL emission from the four complexes in CH3CN at a concentration of 10 µM,
excitation wavelength was 280 nm in all cases, emission intensity normalised.
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Ir(df-ppy)2(BPS)-

200

Ru(bpy)2(L)2+
Ir(ppy)3

ECL Intensity

150

Ir(df-ppy)3

100

50

0

450

500

550

600

650

700

750

800

Wavelength / nm

Figure 4.5: ECL spectra for separate solutions of the four complexes, the co-reactant was TPA in all
cases, chronoamperometry pulses between the E° of the complex and 0 V were used to generate ECL.

ECL and PL spectra for the four complexes (Figure 4.4 and Figure 4.5) exhibit similar
emission maxima regardless of excitation mode, whether via irradiation at 280 nm, or
electrochemically oxidised in the presence of co-reactant.

This indicates that

emission originates from identical excited states regardless of excitation process.
There was a slight difference in the PL and ECL emission wavelength of Ir(dfppy)2(BPS)-, due to the different solvent system used for ECL (CH3CN:H2O 1:1 vs.
100% CH3CN for PL results).
UV-Vis absorbance spectra for the complexes are shown in Figure 4.6. Absorbance
profiles for Ir(ppy)3 and Ir(df-ppy)3 were very similar, as expected. Notably, there is
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very little spectral overlap between the emission wavelength and absorbance spectra
of the mixtures investigated, due to the large Stokes shifts which are characteristic of
such emissive inorganic complexes.

Ir(df-ppy)3

0.50

Ir(ppy)3

0.25

0.00

ABS

200

250

300

350

400

450

500

Ru(bpy)2(L)2+

1.5

Ir(df-ppy)2(BPS)-

1.0
0.5
0.0
200

300

400

500

600

Wavelength / nm

Figure 4.6: UV-Vis absorbance spectra for the complexes investigated. The concentration for all
samples was 10 µM complex in CH3CN, with a path length of 1 cm.

4.3.2 Concomitant Emission
Solutions

containing

mixtures

of

Ru(bpy)2(L)2+

and

Ir(df-ppy)2(BPS)-

were

investigated to determine the possibility of tuning the spectral distribution via
modulation of the applied potential.
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(a)

(b)
ECL Intensity

20

1.3 V
1.1 V
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Wavelength / nm

ECL Intensity

(c)
20

ECL at 550 nm
ECL at 666 nm

10

0
0.6

0.8

1.0

Potential / V (vs. Fc)

1.2

1.4

Figure 4.7: Three dimensional ECL-CV investigations of a mixture consisting of 0.1 mM Ir(df-ppy)2(BPS)
2+
-1
and 0.01 mM Ru(bpy)2(L) with 10 mM TPA. A scan rate of 50 mVs over the range of 0.5 to 1.3 V vs.
Fc was used, with a spectral resolution of 36.5 mV/spectra. (a): three dimensional plot of voltageresolved emission from the mixture, (b): individual spectra extracted at 1.1 and 1.3 V, (c): intensity
plotted at respective complex emission maxima of 550 and 666 nm.
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Figure 4.7 shows the results of a three dimensional ECL-CV from a mixture of Ir(dfppy)2(BPS)- and Ru(bpy)2(L)2+.

The significant difference in oxidation potentials

between Ru(bpy)2(L)2+ and Ir(df-ppy)2(BPS)- (290 mV) resulted in clearly selectable
excitation of the ruthenium complex, and at high potential, simultaneous but
distinguishable emission from both complexes (Figure 4.7b). Emission from the red
complex was visible before the onset of emission from the green complex as the
applied potential approached its E°. Despite the spectral overlap, the difference in max

(120 nm) is sufficient to clearly distinguish the emission maxima of each complex

in the mixture, with minimal interference, as shown in Figure 4.7b and c.
Analogous three dimensional (emission/excitation matrix) PL spectra (see appendix,
Figure a22) exhibit a similar trend in emission vs. applied excitation energy, with
emission from Ru(bpy)2(L)2+ occurring selectively at lower energy excitation
wavelengths, followed by concomitant emission at higher energy levels.
While the system exhibited in Figure 4.7 was quite robust (i.e. stable over multiple
scans), in order to achieve roughly equal emission intensities at the emission maxima
for the two complexes, a higher concentration of the green emitter was required.
This is due to the lower ECL efficiency of Ir(df-ppy)2(BPS)- in comparison to
Ru(bpy)2(L)2+.

-

2+

Figure 4.8: Photographs of ECL from a mixture containing Ir(df-ppy)2(BPS) and Ru(bpy)2(L) at four
electrode potentials: (a) 0.8 V, (b) 0.95 V, (c) 1.23 V, and (d) 1.40 V. The solution contained 0.95 mM
Ir(df-ppy)2(BPS)– and 0.05 mM Ru(bpy)2(L)2+ with 30 mM TPA co-reactant, and 0.1 M PBS in 1:1
water:acetonitrile. The colours were first observed by the naked eye, and then photographs were taken
at values of applied potential that provided the greatest differences. Longer exposure times were used
for the redder emissions in order to achieve uniform image brightness.
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The emission from the mixture was photographed during the application of different
potentials in order to visualise the modulation of emission characteristics.

A

composite image of the emissions at different potentials is shown in Figure 4.8. The
emission colour observed is clearly modulated from a deep red colour at lower
potentials, to an orange colour at intermediate potential, then to a yellow-green
colour at high applied potentials. These colour differences were clearly visible to the
naked eye.

4.3.3 Switchable Emission
After successfully modulating the spectral distribution of the emission from a mixture
of Ru(bpy)2(L)2+ and Ir(df-ppy)2(BPS)- via the modulation of electrode potential, two
further mixtures of emitters were investigated, with interesting results. System A
consisted of a mixture of Ir(ppy)3 and Ru(bpy)2(L)2+. This mixture was envisaged to
offer the reverse of the results obtained in section 4.3.2, that is, a green to red rather
than red to green change in emission as applied potential was increased. This would
also demonstrate modulation that would be impossible via PL, as Ru(bpy)2(L)2+ would
be emissive at all wavelengths required to elicit emission from Ir(ppy) 3. Ir(ppy)3 and
Ir(df-ppy)3 (system B) were also investigated, in order to explore the combination of a
green and a blue-cyan emitter in one solution.
Photographs of the ECL emission from the two binary mixtures (Figure 4.9) exhibited
potential dependant emission colour as before, but intriguingly did not show the
additive blending of emission colours that was expected for the combination of
Ru(bpy)2(L)2+ and Ir(df-ppy)2(BPS)- as seen in section 4.3.2.
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Figure 4.9: Photographs of the 3 mm diameter working electrode surface at different values of applied
potential (shown beneath in V vs. Fc) for the two systems during ECL experiments. The top images
(system A) were taken using a solution which contained 0.25 mM Ir(ppy)3 and 0.05 mM Ru(bpy)2(L)2+
with 10 mM TPA co-reactant, and 0.1 M TBAPF6 electrolyte dissolved in CH3CN. The conditions for the
bottom images (system B) were identical except that the ruthenium complex was replaced by 0.1 mM
Ir(df-ppy)3. An identical exposure time was used for each image.

In both system A and B shown in Figure 4.9, the intensity of green ECL from Ir(ppy)3
reaches maximum intensity at approximately 0.33 V before dropping sharply at high
potentials. The green emission was replaced with red emission from Ru(bpy) 2(L)2+ in
system A, and blue emission from Ir(df-ppy)3 in system B. Importantly, unlike the
previously reported dual-emission experiments,24,25 where high applied potentials
resulted in simultaneous emission of light from more than one luminophore, here the
green light was effectively „switched off‟ at high potentials, leaving only a red or blue
emission in system A and B, respectively. The switching process was immediate and
reversible, requiring only the selection of appropriate applied potentials.
In order to investigate this phenomenon, a series of three dimensional ECL-CV
experiments were conducted to generate 3D emission maps of wavelength vs.
applied electrode potential vs. ECL intensity. Results from system A (Figure 4.10)
show that ECL emission from Ir(ppy)3 (max = 520 nm) was only observed at low
potentials, and emission was exclusively from Ru(bpy)2(L)2+ (max = 666 nm) at high
potentials. A CV of a mixture containing the luminophores used in system A without
co-reactant present is shown in Figure 4.11, where no interaction between oxidised
states was evident.
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Figure 4.10: (a) Three dimensional-ECL emission matrix for system A (a mixture of 0.34 mM Ir(ppy)3 and
0.016 mM Ru(bpy)2(L)2+, with 20 mM TPA), during a CV potential sweep from 0 to 1.03 V vs. Fc. The
-1
scan rate was 0.025 Vs and spectral resolution 50 mV/spectra. (b) Individual spectra extracted from
Figure 4.10a, (c) emission intensity profiles from Figure 4.10a: monitoring emission at 520 nm for
2+
Ir(ppy)3 (red line) and at 666 nm for Ru(bpy)2(L) (black line).
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In this system, there was a brief interval between 0.4 to 0.5 V where both complexes
in the mixture were emissive.

This can be clearly observed in spectral slices

extracted from this matrix (Figure 4.10b), where the spectra of the green and red
emitters are isolated at high and low potentials, and both peaks are observed at an
intermediate voltage. ECL intensity-potential cross-sections extracted from Figure
4.10a (parallel to the potential axis at the two emission maxima) illustrate the unusual
potential dependent ECL of Ir(ppy)3 (Figure 4.10c). The steep decline in emission
intensity after approximately 0.3 V for this complex is in stark contrast with the profile
of the ruthenium complex, which exhibits steady state ECL at potentials greater than
its E°.
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Figure 4.11: CV response for a mixture of 0.25 mM Ir(ppy)3 and 0.25 mM Ru(bpy)2(L) dissolved in
-1
CH3CN containing 0.1 M TBAPF6 as supporting electrolyte (system A). The scan rate was 0.1 Vs and
the working electrode was a 3 mm diameter BDD electrode.
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Figure 4.12: (a): Three dimensional-ECL emission matrix for system B (containing a mixture of 0.11 mM
-1
Ir(ppy)3 and 0.14 mM Ir(df-ppy)3 with 20 mM TPA). The scan rate was 0.025 Vs , and spectral
resolution 50 mV/spectra. (b): Individual spectra extracted from Figure 4.12a, (c) emission intensity
profiles from Figure 4.12a: monitoring emission at 530 nm for Ir(ppy)3 (orange line) and at 500 nm for
Ir(df-ppy)3 (blue line).
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The results of the analogous experiment using system B are illustrated in Figure
4.12.

In spite of the more closely spaced spectral distribution for the two

luminophores, the emissions were even more effectively resolved on the potential
axis compared with system A, as evident in the spectral slices of Figure 4.12a shown
in Figure 4.12b, and plots of intensity maxima (Figure 4.12c). At no potential was
emission observed from both complexes concurrently.
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Figure 4.13: CV response for a mixture of 0.25 mM Ir(ppy)3 and 0.25 mM Ir(df-ppy)3 dissolved in CH3CN
-1
containing 0.1 M TBAPF6 as supporting electrolyte (system B). The scan rate was 0.1 Vs and the
working electrode was a 3 mm diameter BDD electrode.

This was not however, a result of a greater difference in the formal potentials for the
two complexes in system B compared to those of system A. The Ir(df-ppy)3 complex
was actually oxidized at a potential 270 mV more negative than that of Ru(bpy)2(L)2+
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(Table 4.2 and Figure 4.13). However, unlike the case of Ir(df-ppy)3, the ECL of
Ru(bpy)2(L)2+ was initiated at potentials well in advance of the oxidation potential for
the complex. This difference between systems A and B (Figure 4.10 and Figure
4.12) might be ascribed to resonance energy transfer between the complexes in
system A, as there was partial overlap (Figure 4.6) between the MLCT absorption
band of Ru(bpy)2(L)2+ (max 480 nm), and the emission from Ir(ppy)3 (max 520 nm).
However, this contribution was expected to be quite small for several reasons; the
extent of the overlap was very small; Ru(bpy)2(L)2+ had a relatively low
photoluminescence quantum efficiency; and most importantly, from Figure 4.10a and
Figure 4.10b, it can be seen that the emission from Ir(ppy)3 had decreased to almost
zero at the potentials we observe the anomalous emission from Ru(bpy)2(L)2+. It was
therefore more likely that the ECL observed for the ruthenium complex at low
potentials points to a disparity between the ECL mechanisms associated with
Ru(bpy)2(L)2+ and Ir(df-ppy)3.
The anomalous low-potential emission was in fact well explained by considering the
mechanism (equations 1 to 5) proposed by Bard et al.31 and discussed in Chapter 1,
involving the formation of an excited state upon reaction of TPA •+ with Ru(bpy)3+
(generated by reaction of Ru(bpy)32+ with TPA•).

TPA  TPA•+ + e-

(1)

TPA•+  TPA• + H+

(2)

Ru(bpy)2(L)2+ + TPA•  Ru(bpy)2(L)+ + P

(3)

Ru(bpy)2(L)+ + TPA•+  Ru(bpy)2(L)2+* + P

(4)

Ru(bpy)2(L)2+*  Ru(bpy)2(L)2+ + h

(5)
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The fact that TPA• (E° = -2.09 V vs. Fc)31 was a sufficiently powerful reductant to
donate an electron to Ru(bpy)2(L)2+ (E° = -1.47 V vs. Fc)9 but not Ir(df-ppy)3 (E° = 2.51 V vs. Fc),29 explains why the feature was only associated with system A. The
mechanism outlined above was understood to dominate at potentials more negative
than the E° of the complex when the co-reactant was in large excess. At potentials
more positive than E° it was generally accepted the mechanism follows the more
classic route, as given in equations 6 to 10, where M is the electrochemiluminophore.

M  M+ + e-

(6)

TPA  TPA•+ + e-

(7)

TPA•+  TPA• + H+

(8)

M+ + TPA•  M* + P

(9)

M*  M + h

(10)

M+ + TPA  TPA•+

(11)

The co-reactant radical cation may also be generated via homogeneous electron
transfer (equation 11), depending on the oxidation potential of M.
The three dimensional ECL-CVs shown in Figure 4.10 and Figure 4.12 differ to
classic photoluminescence excitation-emission matrices, where the excitation
wavelength was varied and emission spectra recorded.

A three dimensional

emission/excitation matrix for a mixture similar in composition to system A,
(Ru(bpy)2(L)2+ and Ir(ppy)3), is shown in Figure 4.14.

At low energy excitation

wavelengths (greater than 475 nm) emission from only Ru(bpy)2(L)2+ was observed,
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but Ru(bpy)2(L)2+ was also emissive at any wavelength with a high enough energy to
elicit emission from Ir(ppy)3.

Figure 4.14: Photoluminescence excitation-emission matrix from a solution containing 20 µM
Ru(bpy)2(L)2+ and 3 µM Ir(ppy)3 in CH3CN.

Figure 4.10 and Figure 4.12 exhibit the opposite „order‟ of excitation, with emission
from Ir(ppy)3 occurring at lower applied potentials than either Ru(bpy)2(L)2+ or Ir(dfppy)3. The emission for each of these systems was switchable, occurring from either
green and red (system A), or green and blue (system B) emitters, rather than
simultaneous emission from all components in a mixture, as observed in the
concomitant system detailed in section 4.3.2. The enhanced selectivity delivered via
ECL was demonstrated clearly with system B, where both complexes have very
similar absorbance profiles (Figure 4.6), but clearly differentiated electrochemical
properties (Figure 4.13).

4.3.4 Switchable ECL Mechanisms
Identical “switch off” behaviour of Ir(ppy)3 was observed in both systems A and B at
high potentials, in each case leaving unadulterated emission from either red (system
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A) or blue (system B) emitters. This strongly suggests the “switch off” phenomenon
occurs independently of the second complex in solution.

1.0

(a)

0.8

(i)
(ii)

0.5

ECL Intensity

0.3
0.0
0.0

1.0

0.2

0.4

0.6

0.8

1.0

(b)

0.8

(iii)
(iv)

0.5
0.3
0.0
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

Potential / V (vs. Fc)

Figure 4.15: (a) and (b): Integrated ECL intensity (normalized) from separate solutions of Ir(ppy) 3 and
Ru(bpy)2(L)2+ respectively, at two TPA concentrations, across a wide range of potentials. Each point on
the graph represents the result of a chronoamperometry experiment where the potential was stepped
from 0 V to the value shown on the x-axis. Traces: (i) 0.25 mM Ir(ppy)3 with 20 mM TPA; (ii) 0.25 mM
2+
2+
Ir(ppy)3 with 0.25 mM TPA; (iii) 0.025 mM Ru(bpy)2(L) and 20 mM TPA; (iv) 0.025 mM Ru(bpy)2(L)
and 0.25 mM TPA.

Experiments conducted with Ir(ppy)3 and Ru(bpy)2(L)2+ in separate mixtures with high
and low concentrations of co-reactant (TPA) confirmed this theory, and results are
shown in Figure 4.15.
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The emission from a solution containing only Ir(ppy) 3 and co-reactant (20 mM, Figure
4.15, (i)) decays sharply after 0.33 V vs. Fc regardless of the presence or absence of
a second complex.

The switchable ECL behaviour observed for Ir(ppy)3 was

unexpected. A steady-state ECL emission was generally observed for luminescent
metal complexes under hydrodynamic conditions at all potentials positive of the
formal potential of the complex (see (c), traces following emission from Ru(bpy) 2(L)2+
and Ir(df-ppy)3 in Figure 4.10 and Figure 4.12 respectively, and traces (iii) and (iv) in
Figure 4.15).
Why then was the ECL from Ir(ppy)3 suppressed at high overpotentials? The excited
state properties of Ir(ppy)3 are known to be exceptional. By virtue of its triplet energy
and low oxidation potential, Ir(ppy)3 is a potent reducing agent in the excited state.32
A prime example of this is the rapid quenching of the excited state of the complex by
O2, which occurs predominantly via electron transfer.33

The excited state redox

potential may be estimated using equation 12:

E* = E°ox - EMLCT

(12)

where EMLCT is the spectroscopic energy of the excited state, which may be estimated
from the RT emission maximum, to a first approximation. Solving equation 12 for
these complexes shows that Ir(ppy)3* is a significantly stronger reductant than Ir(dfppy)3* (by approximately 200 mV), and is a far more powerful reductant than
Ru(bpy)2(L)2+* (by more than 1.2 V; Table 4.3).

167

Chapter 4 Control of ECL Emission Wavelength
Table 4.3: Estimated excited state redox potentials for the complexes in systems A and B.

Complex
Ir(ppy)3
Ru(bpy)2(L)2+
Ir(df-ppy)3
a
b

Potentials/V vs. Fca
E*oxb

E*redb

-2.1
-0.90
-1.82

-0.30
0.39
0.00

Fc = 0.39 vs. SCE
estimated from ground state redox potentials and emission maxima

With this in mind, a plausible mechanism for the “switch-off” phenomenon was one
involving oxidative quenching of Ir(ppy)3* by the TPA radical cation (equations 13 to
18).

This type of pathway is certainly not without precedent; the oxidative and

reductive quenching of charge-transfer excited states of platinum group metal
complexes have been widely used for photocatalysis of organic transformations.34-38
Iridium complexes such as Ir(ppy)2(dtb-bpy)+ (dtb-bpy = di-tert-butylbipyridine) and
Ir(ppy)3 have been exploited as alternatives to the more conventional Ru(bpy)32+
species, providing greater reducing abilities, and longer excited state lifetimes.34-38

Ir(ppy)3  Ir(ppy)3+ + e

(13)

TPA  TPA•+ + e

(14)

TPA•+  TPA• + H+

(15)

Ir(ppy)3+ + TPA•  Ir(ppy)3* + P1

(16)

Ir(ppy)3*  Ir(ppy)3 + h

(17)

Ir(ppy)3* + TPA•+  Ir(ppy)3+ + P2

(18)
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The proximity of the redox potentials of TPA and Ir(ppy) 3 (see appendix Figure a21
for SWV of TPA and Ir(ppy)3) allows for reaction 17 to dominate for a short period
before the concentration of TPA•+ from reaction 14 reaches a critical level and the
ECL is quenched via reaction 18.
If the above mechanism is valid, one would expect the rate of the quenching reaction
to be dependent on the concentration of co-reactant. To test this hypothesis, the
dependence of the “switch-off” phenomenon on TPA concentration was investigated
(Figure 4.15). A series of potential step experiments were conducted using pulses
between Einitial = 0 V and incrementally increasing values of E final. Figure 4.15a and
Figure 4.15b show the ECL emission from Ir(ppy)3 and Ru(bpy)2(L)2+ respectively at
high and low co-reactant concentrations. The “switch-off” effect was observed for
Ir(ppy)3, but only in the presence of a relatively high concentration of co-reactant
(trace (i)), and there was no significant inhibition of Ru(bpy)2(L)2+ ECL at either
concentration of TPA. These results clearly illustrate the reliance of the potentialdependent “switch-off” phenomenon on both the nature of the metal complex, and
the concentration of the co-reactant, and give confidence in the mechanism outlined
in reactions 13 to 18.
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4.4 Conclusions
A novel approach to selective excitation in mixtures of luminophores was developed,
exploiting differences in electrochemical and luminescence properties. A technique
to rapidly profile the emission from mixtures of ECL luminophores with voltage and
wavelength resolution was also developed, which generated a three dimensional
map of emission from a given system. This technique was used to study a number of
luminophore mixtures, whereby the intriguing and heretofore unreported propensity
for the co-reactant ECL of Ir(ppy)3 to be quenched at moderate to high potentials was
discovered. This quenching mechanism was shown to be co-reactant concentration
dependant, suggesting that electron transfer quenching between TPA •+ and the
exceptionally reducing excited state Ir(ppy)3* is responsible.

The modulation of

emission colour was demonstrated with a number of systems. Concomitant emission
was demonstrated with Ru(bpy)2(L)2+ and Ir(df-ppy)2(BPS)-, while two systems
leveraging the co-reactant induced quenching of Ir(ppy)3 were explored, consisting of
mixtures of Ir(ppy)3 and Ru(bpy)2(L)2+ or Ir(df-ppy)3.
The techniques developed allowed for the rapid characterisation of the photophysical
properties, and possible energy transfer mechanisms between the complexes.
Tuning or switching the spectral distribution of the emission generated from an ECL
reaction via modulation of the applied potential opens up new avenues for the
possibility of highly multiplexed ECL based assays, as well as a possible technique to
enable colour selection in light-emitting devices.
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Chapter 5 Conclusions and Future Work
5.1 Summary
In this thesis, different aspects of ECL based sensing were explored, with the broad
aims of gaining insight into fundamental aspects of the chemistry, as well as the
development of new analytical approaches and techniques.
In Chapter 2, solution phase ECL was exploited, using a custom built FIA system to
investigate the analytical utility of various luminescent complexes with a range of coreactant analytes, and to examine the influence of factors such as background ECL
and the stability of the oxidised form.

1,10-Phenanthroline complexes have

frequently been credited in the literature with superior sensitivity in ECL-based
analysis. This claim was tested by looking at the effects on detection limits of varying
the number of phenanthroline ligands (n = 0 to 3) substituted in place of bipyridine
ligands on the prototypic ECL active complex Ru(bpy)32+.

We found that the

chemical reversibility of the Ru(II/III) redox couple, as probed using cyclic
voltammetric measurements, decreased with an increasing number of phenanthroline
ligands, reflecting the decreased stability of the oxidised forms of these complexes.
As these effects were not observed in organic media, we proposed that reaction of
the oxidised complex with water was responsible.
ECL measurements with a number of co-reactants (TPA, DBAE, codeine, strychnine,
oxalate, L-proline, as well as preliminary investigations with glyphosate and AMPA)
were performed, in order to determine if the benefits of phenanthroline ligand
substitution as reported in the literature were specific to certain types of co-reactant.
We found that phenanthroline bearing complexes were only superior for the detection
of oxalate and glyphosate, and that the generalised assumption that they would
provide enhanced detection limits for other co-reactants was false.
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phenanthroline bearing complexes did in some cases exhibit a higher ECL intensity,
the aforementioned reaction with solvent resulted in higher blank signals, increasing
the detection limit.

This work highlights the importance of investigating the

signal:blank ratio of a given system, rather than focusing solely on ECL intensity, as
is too often the case when luminophore/co-reactant systems are investigated.
In Chapter 3 we described a new electrode modification strategy for the
immobilisation of electrochemiluminescent materials on conductive surfaces.
Electrode modification is an important area of research in ECL, as well as the
broader electrochemical sensing field.

The amphiphilic molecule phytantriol was

used to form a cubic phase liquid crystalline material (which was doped with an ECL
active ruthenium complex) in situ on an electrode surface.

Doped samples of

mesophase were investigated using SAXS measurements in order to determine if the
phase or other properties of the mesophase were altered by the sequestration of
ruthenium complexes.

Although we observed minor changes in the lattice

parameter, we found that the presence of the ruthenium complex did not disrupt the
cubic phase structure. We found that hydrophilic ruthenium complexes, such as
Ru(bpy)32+, could not be immobilised with any level of stability. On the other hand,
the hydrophobic complex Ru(dp-phen)32+ and the amphiphilic complex Ru(bpy)2(dnbpy)2+ were stably incorporated into mesophases. These ruthenium complexes were
found to be electrochemically addressable in the mesophase, and to be capable of
producing ECL on oxidation.

The electrochemical and ECL properties of the

resultant modified electrodes were investigated. Differences in the electrochemical
behaviour were found between mesophase modified electrodes based on Ru(dpphen)32+ and Ru(bpy)2(dn-bpy)2+, related to the different manner in which each was
immobilised within the mesophase structure.

Electrodes based on Ru(bpy)2(dn-

bpy)2+ were functional in a much wider range of electrolytes, showing less counter ion
dependence, and a much greater ECL intensity. Charge transport properties were
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examined, and the electrodes were found to exhibit diffusional type electrochemical
behaviour at moderate to fast scan rates, while evidence of exhaustive oxidation (thin
layer behaviour) was found at slower scan rates. The ECL sensing applications of
the electrodes were explored using stopped flow and FIA methodologies, with the coreactants TPA, oxalate, and codeine. The electrodes showed promising sensing
capability, with excellent stability, good LODs, and some selectivity for oxalate.
While such mesophases have been previously investigated for a range of
applications, from biosensing to drug delivery, this is the first account of the use of
such systems for an ECL-active modified electrode.
In the final Chapter, with a view towards multiplexed sensing, we explored the
possibility of using the applied potential to tune ECL emission colour from mixtures of
luminescent iridium and ruthenium complexes.

Multiplexed ECL sensing by

sequential electrochemical excitation and/or separately monitoring the emission
wavelengths of different complexes, has the potential to greatly expand the capability
of current ECL based assays. We also developed a novel instrumental approach to
rapidly gather spectral data using a CCD spectrometer during voltammetric scans or
potential steps, to generate three dimensional graphs of ECL emission vs.
wavelength vs. applied voltage. These sets of data allowed for rapid investigation of
the emission characteristics of mixtures of luminophores.

A number of mixed

luminophore systems were investigated, with carefully selected emission and redox
properties, in order to allow selective excitation, and tuning of the emission
wavelength via voltage modulation.

A red-emitting Ru(bpy)2(L)2+ complex was

selectively excited in the presence of a green-emitting Ir(df-ppy)2(BPS) at a
moderate electrode potential, while simultaneous ECL from the two complexes was
observed at higher potentials, allowing the overall emission colour to be tuned from
red to yellow-green. Apart from ECL-based analysis, this work also has implications
for the field of light emitting devices, in particular light emitting electrochemical cells.
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We have also demonstrated for the first time, the complete and reversible switching
between the emissions from two distinct ECL luminophores within the same solution,
controlled by the applied potential. Green ECL from Ir(ppy)3 at low potentials, and
either red or blue ECL from Ru(bpy)2(L)2+ or Ir(df-ppy)3 at high potentials, was
realised by exploiting a previously unknown “switch off” mechanism associated with
the co-reactant ECL of Ir(ppy)3 at high overpotentials.

We investigated this

phenomenon, and found that Ir(ppy)3 ECL was only inhibited at high potentials when
an excess of the co-reactant (TPA) was present. We proposed that the inhibition of
Ir(ppy)3 ECL at high potentials was due to electron transfer quenching of the Ir(ppy)3
excited states by the TPA radical cation.

Of the complexes studied so far, this

“switch off” mechanism is specific for Ir(ppy)3 due to the exceptionally strong reducing
properties of its excited state.

5.2 Future Work
Chapter 3 presents a range of opportunities for future work. While phytantriol was
investigated as the mesophase forming compound of choice (for its stability, as well
as low cost and favourable cubic phase profile), multiple other materials known to
form mesophases (for example, monoolein) warrant investigation, and could yield
interesting results. The effects of the ruthenium complex on the structure of the
mesophase are also worthy of further investigation.

In addition, the effects on

structure and properties of various other experimental conditions such as electrolyte
composition and temperature, as well as the effect of electrochemical cycling on the
mesophase structure, could provide valuable insights into the somewhat complex
behaviour often associated with these systems. The charge transport properties of
these modified electrodes are also deserving of closer study.

In particular, the

determination of the relative contributions of electron hopping, and physical diffusion
to overall charge migration rates would be very valuable for the design of new
mesophase modified electrodes. This could be achieved by looking at the effect of

176

Chapter 5 Conclusions and Future Work

ruthenium complex concentration on charge transport within the gel. Mesophases
have been shown to be a viable substrate for the immobilisation of enzymes on
electrode surfaces – the possibility of linking an enzyme with an ECL assay (for
example, exploiting the ability of NADH to act as a co-reactant) within the mesophase
is very appealing.
Chapter 4 presents proof of concept results by demonstrating the viability of
selectively exciting luminophores in a mixture. This work could be expanded in a
number of directions. These results suggest the possibility of a multiplexed ECL
detection system. In order to make this a reality, a number of experiments would
need to be performed. Forms of each complex used could be modified to act as ECL
labels, and used to label different analytes in a single solution.
A wide range of complexes with varied electrochemical properties could rapidly be
investigated, yielding many tuneable systems. This would also present the possibility
of investigating possible mechanisms for energy transfer between complexes, in
oxidised and excited states. The “switch off” phenomenon observed in relation to the
Ir(ppy)3/TPA system requires more investigation, including experiments to determine
if this behaviour occurs with any other co-reactants or other luminophores.

The

possibility of fabricating LEECs with a varied spectral distribution dependant on
applied potential could also be investigated.
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Preparation of Spin Coater
A simple and inexpensive spin coater was constructed, using off the shelf parts
available from a computer/electronics store.

A high speed 80 mm fan (model

FFB0812EHE from Delta Electronics, Taiwan) capable of 5500 rpm operation was
used as the sample mounting stage, and a simple fan controller/rpm monitor
(Thermaltake brand) was used to control the rotation speed.

The system was

powered by a 12 VDC generic power supply. A LM340 voltage regulator was used to
supply 5 V from the 12 V power supply in order for the fan controller to operate. A
glass shield was used to catch splatter, and excess material spun off the substrate.
Double sided tape was used to secure the sample to the center of the fan. The
simple spin coater performed adequately, delivering RPM monitoring and control
from 250 to 5500 rpm (+/- 500 rpm). Timing and coating programs consisting of
different speed steps were controlled manually. The fan and controller are shown in
Figure a1.
The spin coater was used to spin coat samples consisting of GC discs or ITO slide
fragments.
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Figure a1: Thermaltake fan controller (left) and high speed fan (right), the main components of the basic
spin coater.
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Figure a2: UV-Vis calibration curve for Ru(bpy)2(dn-bpy) . The complex was dissolved in CH3CN, ABS
was measured in a 1 cm path length cell, and the peak absorbance of the MLCT band at 450 nm was
used to plot the calibration curve.
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Figure a3: UV-Vis spectra of 10 µM Ru(dpp)32+ and Ru(bpy)2(dn-bpy)2+ in CH3CN with a path length of 1
cm.
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Figure a4: SAXS scattering data from a 1% w/w Ru(dpp) 32+/phytantiol gel in excess H2O with exposure
time of 1 s.

SAXS calculations: Lattice parameters and space groups were calculated using a
custom spread sheet supplied by our collaborators at CSIRO. The spread sheet
calculated the theoretical peak positions for different space groups, thus a space
group can be assigned by determining which peak-set the data aligned with. The
lattice parameter for cubic systems was derived from the slope of a graph of 2(pi/Q)
vs. 1/m, where Q was the scattering vector, and m was the square root of the sum of
the squared miller indices.
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Figure a5: PL spectra of Ru(dpp)32+ and Ru(bpy)2(dn-bpy)2+. Concentrations were 10 µM in CH3CN,
and excitation wavelengths of 460 and 450 nm were used for the two complexes respectively. Spectra
were corrected for the detector wavelength sensitivity.
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Figure a6: PL-Excitation spectra for Ru(dpp)32+ and Ru(bpy)2(dn-bpy)2+. Concentrations were 10 µM in
CH3CN and the path length was 1 cm. Emission was monitored at 616 and 610 nm for Ru(dpp)32+ and
Ru(bpy)2(dn-bpy)2+ respectively.
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Figure a7: CVs for 1 mM solutions of Ru(bpy) 2(dn-bpy)2+ and Ru(dpp)32+ with a 3 mm diameter GC
-1
electrode in CH3CN solvent, and 0.1 M TBAPF6 supporting electrolyte. The scan rate was 0.1 Vs , in
each case the (PF6)2 salts of the complexes were used. Potentials are referenced to in-situ Fc/Fc+
couple (visible in the lower CV).
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Figure a8: Slow scan rates for a 3 mm GC electrode drop coated with 1% w/w Ru(dpp) 32+/phytantriol.
The supporting electrolyte was 1 M HClO4 with scan rates of 0.005 and 0.01 Vs-1 shown.
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Figure a9: Slow scan rates for a SPE drop coated with 1% w/w Ru(dpp)32+/phytantriol. The supporting
electrolyte was 1 M HClO4 with scan rates of 0.005 and 0.01 Vs-1 shown.
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Figure a10: Slow scan rate for a SPE drop coated with 1% w/w Ru(bpy) 3(dn-bpy)2+/phytantriol. The
supporting electrolyte was 1 M H2SO4 and scan rate 0.005 Vs-1.
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Figure a11: CVs from a SPE drop coated with 1% w/w Ru(bpy) 3(dn-bpy)2+/phytantriol. The supporting
electrolyte was 1 M HClO4. Scan rates shown range from 0.02 to 0.5 Vs-1. Significant peak asymmetry
was noted.

189

Appendix

1.0

0.005 Vs-1
0.01

0.8
0.6

Current / µA

0.4
0.2
0.0
-0.2
-0.4
-0.6
-0.8
-1.0

0.6

0.8

1.0

1.2

1.4

Potential / V vs. Ag|AgCl

Figure a12: CVs from a SPE drop coated with 1% w/w Ru(bpy) 3(dn-bpy)2+/phytantriol. The supporting
electrolyte was 1 M HClO4 with scan rates of 0.005 and 0.1 Vs-1 shown.
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Figure a13: Dependence of peak current (Ip.a) on the square root of scan rate from CVs shown in Figure
a11 and Figure a12. Square points were not consistent with the linear trend exhibited at higher scan
rates (diamond points,) and hence were excluded from the line of best fit.
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Figure a14: CVs from a 10 mm GC disc spin coated with 1% w/w Ru(bpy) 3(dn-bpy)2+/phytantriol. The
supporting electrolyte was 1 M HClO4 with scan rates of 0.005 and 0.01 Vs-1 shown.
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ECL from Ru(bpy)2(dnbpy)2+ GC Discs
Ru(bpy)2(dnbpy)2+ spin coated GC discs exhibited relatively strong ECL, which was
comparable in intensity to drop coated Ru(bpy)2(dnbpy)2+ SPEs. However it should
be noted the electrodes have a much larger electrode area (10 mm vs. 3 mm
diameter).
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Figure a15: ECL (top) and CVs (bottom) from spin coated 1% Ru(bpy)2(dn-bpy) /phytantriol GC disc
electrode. 1 mM TPA co-reactant was used, the supporting electrolyte was 1.0 M LiClO4 and scan rate
was 0.1 Vs-1.
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Figure a16: ECL (top) and CVs (bottom) from a drop coated 1% Ru(dpp)32+/phytantriol GC electrode. 1
mM TPA co-reactant was used, the supporting electrolyte was 0.1 M LiClO4 and scan rate was 0.1 Vs-1.
Direct oxidation of the co-reactant is visible at approximately 0.9 V.
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Figure a17: Reproducibility between electrodes. 1% drop coated Ru(bpy)2(dnbpy)2+ based SPEs are
shown, Ip.a was measured via CV at 0.1 Vs-1 with the supporting electrolyte of 1 M LiClO4. RSD over 8
electrodes was 11.2%.
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Figure a18: Log/Log graph of ECL response to oxalate concentration of a drop coated
Ru(bpy)2(dnbpy)2+/phytantriol SPE. The supporting electrolyte was 0.1 M KCl at pH 6, and a 0.2 s at 1.3
V chronoamperometry pulse was used to generate emission.
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Figure a19: SWV for Ir(ppy)3 (green line, CH3CN/TBAPF6 0.1 M), Ru(bpy)2(L)2+ (red line), Ir(dfppy)2(BPS) (CH3CN:PBS, PBS 0.1 M) (blue line) and blank (purple line). Amplitude was 0.025 V and the
frequency was 15 Hz.
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Figure a20: CVs of 0.1 mM Ir(df-ppy)2(BPS)- in CH3CN. The supporting electrolyte was 0.1 M TBAPF6.
A 3 mm BDD electrode was used, with scan rates of 0.1 (blue line) and 0.2 Vs-1 (red line) shown.
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Figure a21: SWV of solutions of 0.25 mM Ir(ppy)3 and 1 mM TPA (separate solutions) in CH3CN, the
supporting electrolyte was 0.1 M TBAPF6. The amplitude was 0.025 V and the frequency was 15 Hz.
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Figure a22: Photoluminescence intensity as a function of excitation and emission wavelengths. The
solution consisted of 0.05 mM Ir(dfppy)2(BPS)- and 0.025 mM Ru(bpy)2(L)2+ in 1:1 water:acetonitrile.
Data was collected by our collaborator Elizabeth M. Zammit at Deakin University.
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A potential-controlled switch on/oﬀ mechanism for
selective excitation in mixed electrochemiluminescent
systems†
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We demonstrate the complete, rapid, and reversible switching between the emissions from two
electrogenerated chemiluminescence (ECL) systems contained within the same solution, controlled by
simple modiﬁcation of the applied potential. The fundamental bases of the approach are the ability to
selectively ‘switch on’ luminophores at distinct oxidation potentials, and an intriguing observation that
the emission from the well-known electrochemiluminescent complex, fac-Ir(ppy)3, (where ppy is 2-
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phenylpyridinato), can be selectively ‘switched-oﬀ’ at high overpotentials. The dependence of this
phenomenon on high concentrations of the co-reactant implicates quenching of the excited [Ir(ppy)3]*
state by electron transfer. Rapid spectral scanning during modulation of the applied potential reveals
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well resolved maxima for mixtures comprising either green and red or green and blue luminophores,
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illustrating the vast potential of this approach for multiplexed ECL detection.

Introduction
Electrogenerated chemiluminescence (ECL) continues to grow
in importance as a highly sensitive detection technique,1–6
particularly for antibody and nucleic acid based assays in clinical diagnostics, life science research and biodefense applications. Whilst the evolution of commercial ECL systems has to
date been predominantly based on the classic [Ru(bpy)3]2+-tripropylamine (TPA) co-reactant system4 (where bpy is 2,20 bipyridine), researchers such as Bard and Whitesides7 recognised that the inherent excitation and emission processes of
ECL could be exploited for multiplexed detection, utilising
combinations of luminophores that can be excited by diﬀerent
energies or sources of energy, or emit light with distinct spectral
distributions. These elegant concepts, however, have only now
begun to be realised, drawing upon new insights into the
mechanisms of ECL reactions8–10 and extensive exploration of
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detailing
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and
photoluminescence characteristics of the three complexes. Also provided are
the results of potential resolved ECL experiments for Ir(df-ppy)3 at high
co-reactant concentration and the ECL-potential prole for system B (to
complement Fig. 2c). The raw (un-smoothed data corresponding to Fig. 2a and
3 are also given, in the form of contour plots). See DOI: 10.1039/c2sc21707d
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novel ECL-active species over many years.2,4,5 An important
advance in this area has been the development of ECL from
cyclometalated iridium(III) complexes,11–24 which exhibit emission maxima across the entire visible region and considerable
variation in electrochemical properties.25–28
Utilising combinations of [Ru(bpy)3]2+ (lmax ¼ 620 nm) and
either fac-Ir(ppy)3 (lmax ¼ 517 nm) or [Ir(df-ppy)2(pic)] (lmax ¼
498 nm), with TPA as a co-reactant, Richter et al.11,29 demonstrated simultaneous ECL from the two luminophores (albeit
with considerable overlap between emission bands) at a single
applied potential. We have recently shown that such mixtures of
electrochemiluminophores can be selectively addressed
through not only their emission wavelengths, but also their
characteristic redox energies, by scanning or stepping from low
to high electrode potentials.30 A red-emitting [Ru(bpy)2(L)]2+
complex, for example, was selectively excited in the presence of
a green-emitting [Ir(df-ppy)2(BPS)] at a moderate electrode
potential (1.05 V vs. Fc0/+), while simultaneous ECL from the two
complexes was observed at high potentials (1.30 V vs. Fc0/+)
allowing the overall emission colour to be tuned from red to
yellow-green.30
Similarly, Schmittel et al.31 demonstrated that the ratio of
emissive transitions within a ‘non-Kekulé-structured’ trinuclear
Ir(III)–Ru(II)–Ir(III) species were dependent upon the applied
potential, enabling the wavelength of maximum ECL intensity
to be tuned from 649 to 611 nm with increasing anodic scan
range. Whilst these previous studies represent signicant steps
towards selective multi-luminophore ECL systems, each involve
the simultaneous emission from multiple excited states.
Herein, we demonstrate, for the rst time, the complete and
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Chart 1 Electrochemiluminescent metal complexes used in this study: Ir(ppy)3
0
(ppy ¼ 2-phenylpyridinato); [Ru(bpy)2(L)]2+ (bpy ¼ 2,20 -bipyridine; L ¼ N4,N4 0
0
and
bis((2S)-1-methoxy-1-oxopropan-2-yl)-2,2 -bipyridyl-4,4 -dicaboxamide);
Ir(df-ppy)3 (df-ppy ¼ 2-(2,4-diﬂuorophenyl)pyridinato).

reversible switching between the emissions from two distinct
ECL luminophores contained within the same solution,
controlled by the applied potential. The main diﬃculty with
achieving this goal is that it requires the low-potential electrochemiluminophore to be ‘switched-oﬀ’ at potentials where the
high-potential luminophore is excited. Here we show that such
a switch-oﬀ mechanism exists for the well-known ECL complex
Ir(ppy)3 at high overpotentials, which we exploit to selectively
elicit (without interference) green ECL from Ir(ppy)3 at low
potentials and either red or blue ECL from [Ru(bpy)2(L)]2+ or
Ir(df-ppy)3 at high potentials (Chart 1 and Fig. 1). Moreover, we
propose a tentative mechanism for the ECL ‘switch-oﬀ’
phenomenon, based on oxidative quenching of the excited
[Ir(ppy)3]* state.

Results and discussion
Fig. 1 shows the results of ECL experiments conducted using
two binary mixtures of luminophores dissolved in acetonitrile
containing 10 mM TPA and 0.1 M TBAPF6. System A comprised
the green and red emitters, Ir(ppy)3 and [Ru(bpy)2(L)]2+, while
system B contained the green and blue emitters, Ir(ppy)3 and
Ir(df-ppy)3. When the potential was repeatedly pulsed from 0 V
to values between 0.25 and 1.2 V, light emanated from the
electrode surface, with brightness and colour that were dependent on the applied potential. In both systems, the intensity of
the green ECL from Ir(ppy)3 rose to a maximum at
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approximately 0.33 V before dropping sharply. At high potentials the green ECL was replaced with a red emission from
[Ru(bpy)2(L)]2+ in system A and a blue emission from Ir(df-ppy)3
(aer a longer interval) in system B. Importantly, unlike the
previously reported dual-emission experiments,30,31 where high
applied potentials resulted in simultaneous emission of light
from more than one luminophore, here the green light was
eﬀectively ‘switched oﬀ’ at high potentials, leaving only a red or
blue emission in system A and B, respectively. The switching
process was immediate and reversible, requiring only the
selection of appropriate applied potentials.
To further investigate this phenomenon, we conducted a
series of experiments involving rapid acquisition of ECL spectra
during voltammetric scans of the luminophore mixtures, to
generate 3D emission maps of wavelength versus applied electrode potential versus ECL intensity. For System A (Fig. 2a), ECL
was generated only from Ir(ppy)3 (lmax ¼ 520 nm) at low
potentials and exclusively from [Ru(bpy)2(L)]2+ (lmax ¼ 666 nm)
at high potentials. In this system, there was a brief interval
between 0.4 V to 0.5 V where both complexes in the mixture
were emissive. This can be clearly observed in spectral slices
extracted from this matrix (Fig. 2b), where the spectra of the
green and red emitters are isolated at high and low potentials,
and both peaks are observed at an intermediate voltage. ECL
intensity-potential cross-sections extracted from Fig. 2a
(parallel to the potential axis at the two emission maxima)
illustrate the unusual potential dependent ECL of Ir(ppy)3
(Fig. 2c). The steep decline in emission intensity aer approximately 0.3 V for this complex is in stark contrast with the prole
of the ruthenium complex, which exhibits steady state ECL at
potentials greater than its E0 .
The results of the analogous experiment using system B are
illustrated in Fig. 3. In spite of the more closely spaced spectral
distribution for the two uorophores, the emissions were even
more eﬀectively resolved on the potential axis compared with
system A. This is not, however, a result of a greater diﬀerence in
the formal potentials for the two complexes in system B
compared to those of system A. The Ir(df-ppy)3 complex is
actually oxidised at a potential 270 mV more negative than that
of [Ru(bpy)2(L)]2+, (see Fig. S1 and S2 in the ESI†). However,
unlike the case of Ir(df-ppy)3, the ECL of [Ru(bpy)2(L)]2+ is
initiated at potentials well in advance of the oxidation potential
for the complex.

Fig. 1 Photographs of the 3 mm diameter working electrode surface at diﬀerent values of applied potential (shown beneath in volts) for the two systems during ECL
experiments. The top images (System A) were taken using a solution that contained 0.25 mM Ir(ppy)3 and 0.05 mM [Ru(bpy)2(L)]2+ (Chart 1) with 10 mM tri-n-propylamine (TPA) co-reactant and 0.1 M tetrabutylammonium hexaﬂuorophosphate (TBAPF6) electrolyte dissolved in acetonitrile. The conditions for the bottom images
(System B) were identical except that the ruthenium complex was replaced by 0.1 mM Ir(df-ppy)3. An identical exposure time was used for each image.
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Fig. 3 3D-ECL emission matrix for system B (containing a mixture of 0.11 mM
Ir(ppy)3 and 0.14 mM Ir(df-ppy)3 in the presence of 20 mM TPA). Scan-rate ¼
0.025 V s1.

the extent of the overlap is very small; [Ru(bpy)2(L)]2+ has a
relatively low photoluminescence quantum eﬃciency; and most
importantly, from Fig. 2a and b it can be seen that the emission
from Ir(ppy)3 has decreased to almost zero at the potentials we
observe the anomalous emission from [Ru(bpy)2(L)]2+. It is
therefore more likely that the ECL observed for the ruthenium
complex at low potentials points to a disparity between the ECL
mechanisms associated with [Ru(bpy)2(L)]2+ and Ir(df-ppy)3.
The observation is in fact well explained by considering the
mechanism proposed by Bard et al.8 involving the formation of
an excited state upon reaction of TPA_+ with [Ru(bpy)3]+ (generated by reaction of [Ru(bpy)3]2+ with TPA_).

Fig. 2 (a) 3D-ECL emission matrix for system A (a mixture of 0.34 mM Ir(ppy)3
and 0.016 mM [Ru(bpy)2(L)]2+, in the presence of 20 mM TPA), during a CV
potential sweep from 0 to 1.03 V vs. ferrocene (1 mM). Scan-rate ¼ 0.025 V s1. (b)
Individual spectra extracted from Fig. 1a: Voltages vs. ferrocene. (c) Emission
intensity proﬁles from Fig. 1a: monitoring emission at 520 nm for Ir(ppy)3 (red
line) and at 666 nm for [Ru(bpy)2(L)]2+ (black line).

This diﬀerence between systems A and B (Fig. 2a and 3)
might be ascribed to resonance energy transfer between the
complexes in system A as there is partial overlap between the
MLCT absorption band of [Ru(bpy)2(L)]2+ (lmax 480 nm) and
the emission from Ir(ppy)3 (lmax 520 nm). However, this
contribution is expected to be quite small for several reasons:

This journal is ª The Royal Society of Chemistry 2013

TPA / TPA_+ + e

(1)

TPA_+ / TPA_ + H+

(2)

[Ru(bpy)2(L)]2+ + TPA_ / [Ru(bpy)2(L)]+ + P

(3)

[Ru(bpy)2(L)]+ + TPA_+ / [Ru(bpy)2(L)]2+* + P

(4)

[Ru(bpy)2(L)]2+* / [Ru(bpy)2(L)]2+ + hn

(5)

The fact that TPA_ (E0 ¼ 2.09 V vs. Fc0/+)8 is a suﬃciently
powerful reductant to donate an electron to [Ru(bpy)2(L)]2+
(E00 ¼ 1.47 V vs. Fc0/+),10 but not Ir(df-ppy)3 (E0 ¼ 2.51 V vs.
Fc0/+),32 explains why the feature is only associated with system
A. The mechanism outlined above is understood to dominate at
potentials more negative than the E0 of the complex when the
co-reactant is in large excess. At potentials more positive than
E0 it is generally accepted the mechanism follows the more
classic route:
M / M+ + e

(6)

TPA / TPA_+ + e

(7)

TPA_+ / TPA_ + H+

(8)

M+ + TPA_ / M* + P

(9)
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Fig. 4 Photoluminescence excitation–emission matrix from a solution containing 20 mM [Ru(bpy)2(L)]2+ and 3 mM Ir(ppy)3 in acetonitrile.

M* / M + hn

(10)

where M is the electrochemiluminophore. The co-reactant
radical cation may also be generated via homogeneous electron
transfer (eqn (11)), depending on the oxidation potential of M.33
M+ + TPA / TPA_+

(11)

The 3D-ECL emission matrices shown in Fig. 2a and 3 are
diﬀerent to classic photoluminescence excitation–emission
matrices, where the excitation wavelength is varied and emission spectra recorded. Traditionally, selectivity from a number
of uorescent dyes in a solution or assay can be derived by
varying the excitation wavelength to target the diﬀerent
absorption maxima.34 Fig. 4 shows emission from such a
mixture containing Ir(ppy)3 and [Ru(bpy)2(L)]2+. In this case, it is
not possible to selectively attain green or red phosphorescence
by varying the excitation wavelength. At relatively low-energy
excitation wavelengths (>475 nm), an emission from only
[Ru(bpy)2(L)]2+ is observed, but at the higher excitation energies
required to evoke photoluminescence from Ir(ppy)3, the
[Ru(bpy)2(L)]2+ complex is also emissive.
The ECL behavior of Ir(ppy)3 in systems A and B is similar in
that the green emission in both cases is ‘switched oﬀ’ at high
potentials, leaving an unadulterated blue or red emission from
the second emitter. This suggests that the switch-oﬀ phenomenon occurs independently of the second complex in the
mixture.
Experiments conducted on solutions containing only
Ir(ppy)3, electrolyte and co-reactant (Fig. 5b) conrm this; the
emission decays sharply aer 0.33 V vs. Fc0/+ regardless of the
presence or absence of a second complex. The switchable ECL
behaviour observed for Ir(ppy)3 is unexpected; a steady-state
ECL emission is generally observed for luminescent metal
complexes under hydrodynamic conditions at all potentials
positive of the formal potential of the complex (see Fig. 5b and
S5†).
Why then is the ECL from Ir(ppy)3 suppressed at high overpotentials? The excited state properties of Ir(ppy)3 are known to

980 | Chem. Sci., 2013, 4, 977–982

Fig. 5 (a) Cyclic voltammogram for a mixture of 0.25 mM Ir(ppy)3 and 0.25 mM
[Ru(bpy)2(L)]2+. (b) Integrated ECL intensity (normalised) from separate solutions
of Ir(ppy)3 and [Ru(bpy)2(L)]2+ at two TPA concentrations, across a wide range of
potentials. Each point on the graph represents the result of a chronoamperometry
experiment where the potential was stepped from 0 V to the value shown on the
x-axis. Traces: (i) 0.25 mM Ir(ppy)3 with 20 mM TPA; (ii) 0.25 mM Ir(ppy)3 with
0.25 mM TPA; (iii) 0.025 mM [Ru(bpy)2(L)]2+ and 20 mM TPA; (iv) 0.025 mM
[Ru(bpy)2(L)]2+ and 0.25 mM TPA.

be exceptional. By virtue of its triplet energy and low oxidation
potential, Ir(ppy)3 is a potent reducing agent in the excited
state.35 A prime example of this is the rapid quenching of the
excited state of the complex by O2, which occurs predominantly
via electron transfer.36
The excited state redox potential may be estimated using eqn
(12):
0

E* ¼ Eox  E00

(12)

where E00 is the spectroscopic energy of the excited state, which
may be estimated from the room temperature emission
maximum, to a rst approximation. Solving eqn (12) for these
complexes shows that [Ir(ppy)3]* is a signicantly stronger
reductant than [Ir(df-ppy)3]* (by approximately 200 mV) and a
far more powerful reductant than [Ru(bpy)2(L)]2+* (by more than
1.2 V; Table S1 in ESI†). With this in mind, a plausible mechanism for the switch-oﬀ phenomenon is one involving oxidative
quenching of [Ir(ppy)3]* by the TPA radical cation (eqn (13)–
(18)). This type of pathway is certainly not without precedent;
the oxidative and reductive quenching of charge-transfer
excited states of platinum group metal complexes have been
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widely used for photocatalysis of organic transformations,37–41
where iridium complexes such as [Ir(ppy)2(dtb-bpy)]+ (dtb-bpy ¼
di-tert-butylbipyridine) and Ir(ppy)3 have been exploited as
alternatives to the more conventional [Ru(bpy)3]2+ species,
providing greater reducing abilities and longer excited state
lifetimes.37–41
Ir(ppy)3 / [Ir(ppy)3]+ + e

(13)

TPA / TPA_+ + e

(14)

TPA_+ / TPA_ + H+

(15)

[Ir(ppy)3]+ + TPA_ / [Ir(ppy)3]* + P1

(16)

[Ir(ppy)3]* / Ir(ppy)3 + hn

(17)

[Ir(ppy)3]* + TPA_+ / [Ir(ppy)3]+ + P2

(18)

The proximity of the redox potentials of TPA and Ir(ppy)3
allows for reaction 17 to dominate for a short period before the
concentration of TPA_+ from reaction 14 reaches a critical level
and the ECL is quenched via reaction 18.
If the above mechanism is valid, one would expect the rate of
the quenching reaction to be dependent on the concentration of
co-reactant. To test this hypothesis, the dependence of the switchoﬀ phenomenon on TPA concentration was investigated (Fig. 5). A
series of potential step experiments were conducted using pulses
between Einitial ¼ 0 V and incrementally increasing values of Enal.
Fig. 5b shows the ECL emission from Ir(ppy)3 and [Ru(bpy)2(L)]2+
at high and low co-reactant concentrations. The switch-oﬀ eﬀect
was observed for Ir(ppy)3, but only in the presence of a relatively
high concentration of co-reactant (trace i), and there was no
signicant inhibition of [Ru(bpy)2(L)]2+ ECL at either concentration of TPA. These data clearly illustrate the reliance of the
potential-dependent switch-oﬀ phenomenon on both the nature
of the metal complex and the concentration of the co-reactant, and
give condence in the mechanism outlined in reactions 13–18.

Conclusion
The ability to switch the colour of the ECL emission from a
binary mixture of luminophores, between green and red or
green and blue, using electrode potential is demonstrated. This
is facilitated by the intriguing and heretofore unreported
propensity for the co-reactant ECL of Ir(ppy)3 to be quenched at
moderate to high potentials. The switch-oﬀ phenomenon is
shown to be dependent on the concentration of co-reactant,
suggesting that electron transfer quenching between TPA_+ and
the exceptionally reducing excited state [Ir(ppy)3]* is responsible. The work described herein has important implications for
multiplexed ECL based assays as it enables the selective excitation of luminophores on the basis of applied potential
without interference.
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Electrogenerated Chemiluminescence

Selective Excitation of Concomitant Electrochemiluminophores:
Tuning Emission Color by Electrode Potential**
Egan H. Doeven, Elizabeth M. Zammit, Gregory J. Barbante, Conor F. Hogan,*
Neil W. Barnett, and Paul S. Francis*
The electrogenerated chemiluminescence (ECL) of tris(2,2’bipyridine)ruthenium(II) ([Ru(bpy)3]2+) ions with co-reactants in aqueous solution[1] is a remarkably sensitive and
versatile detection system[2] that is now exploited in commercial instrumentation throughout the world for rapid screening
and quantification of clinical biomarkers, food borne pathogens and biowarfare agents.[3] New applications of the ECL of
[Ru(bpy)3]2+ and related complexes continue to appear in
areas as diverse as light-emitting devices,[4] anion sensing,[5]
multiplexed (microarray) immunoassays,[6] detection of damaged or sequence-specific DNA,[7] and molecular encoding–
decoding.[8]
The pursuit of superior ECL reagents and strategies that
underpin such applications remains intensive,[2f,h] and is
spurred by advances in the manipulation of reagent properties
(for example ECL efficiency, solubility, spectral distribution)
derived from extensive investigation of ruthenium, iridium,
and other metal complexes,[9] and innovations in nanotechnology.[10]
Considerable attention has been focused on controlling
the emission color,[9d,e, 11] with the enticing prospect of
simultaneously detecting multiple, spectrally distinct electrochemiluminophores for multi-analyte quantification or internal standardization.[2e, 9e, 11, 12] The implementation of these
approaches, however, is complicated by the small number of
available complexes with high ECL efficiency and solubility
in analytically useful solvents,[10c, 13] and is fundamentally
limited by the width of the emission bands,[11a, 14] which can
span hundreds of nanometers. ECL spectra obtained by
Richter et al. using a mixture of [Ru(bpy)3]2+ and either
[Ir(ppy)3] (ppy = 2-phenylpyridine) or [Ir(df-ppy)2(pic)] (dfppy = 2-(2,4-difluorophenyl)pyridine,
pic = 2-carboxypyridine; see Scheme 1) in acetonitrile with tripropylamine
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Scheme 1. Metal complexes selected for dual-emitter investigations
(L = N4,N4’-bis((2S)-1-methoxy-1-oxopropan-2-yl)-2,2’-bipyridyl-4,4’dicarboxamide). The position of the sulfonate groups in the BPS
ligand is dependent on the source of the material.[17] The synthesis and
characterization of [Ru(bpy)2(L)]2+ and [Ir(df-ppy)2(BPS)] have been
described previously.[9d, 18]

(TPA) as a co-reactant show considerable spectral overlap
despite differences in emission maxima of 100 and 150 nm,
respectively.[11a, 12a, 15]
If we compare ECL with photoluminescence, where
selectivity is routinely derived not only from the wavelengths
of emission, but also the energy required to attain the
electronically excited state of the fluorophore,[16] the question
arises of whether the excitation processes of ECL can also be
exploited for selectivity between multiple emitting species.
Herein we demonstrate that such systems can indeed be
controlled through electrode potential (Figure 1). We then
extend this concept through the repeated acquisition of ECL
spectra during cyclic voltammetry experiments to derive
three-dimensional (intensity versus wavelength and potential) resolution of electrochemiluminophores.
The ECL of metal complexes with an oxidative-reduction
co-reactant, such as TPA, involves several interrelated pathways,[19] the most dominant of which is dependent upon
reaction conditions. Inspection of several key reaction steps
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Figure 1. Photographs of electrogenerated chemiluminescence from
a single solution of two metal complexes at four electrode potentials:
a) 0.8 V, b) 0.95 V, c) 1.23 V, and d) 1.40 V (versus the ferrocene/
ferrocinium couple). The solution contained 0.95 mm [Ir(df-ppy)2(BPS)] and 0.05 mm [Ru(bpy)2(L)]2+ (see Scheme 1 for chemical
structures), with 30 mm TPA co-reactant, and 0.1 m phosphate buffer
in 1:1 v/v water/acetonitrile. The colors were first observed by the
naked eye, and then photographs were taken at values of applied
potential that provided the greatest differences. Longer exposure times
were used for the redder emissions to achieve uniform image brightness.

[for example Equations (1)–(5)] reveals two theoretical
sources of selectivity for different metal complexes: the
electrode potential and the co-reactant.
½RuðbpyÞ3 2þ e ! ½RuðbpyÞ3 3þ

ð1Þ

½RuðbpyÞ3 3þ þ TPA ! ½RuðbpyÞ3 2þ þ TPAC þ

ð2Þ

TPAe ! TPAC þ

ð3Þ

TPAC þ Hþ ! TPAC

ð4Þ

½RuðbpyÞ3 3þ þ TPAC ! ½RuðbpyÞ3 2þ *

ð5Þ

Changes in the relative emission intensities from various
metal complexes (in separate solutions) with different coreactants have been observed,[13, 20] but the changes are
difficult to predict because the reactivity of both the coreactant and its radical oxidation products must be considered[19, 21] and they cannot be modified without replacing the
reaction media. On the other hand, the electrode potential
can be easily tuned and applied at multiple levels to the same
system. We initially explored this idea under conditions akin
to those utilized by Richter and co-workers in their study of
the emission from two metal complexes at a single electrode
potential,[11a, 12a] which in our case comprised [Ir(ppy)3] and
[Ru(bpy)2(L)]2+ (Scheme 1) in acetonitrile with TPA as a coreactant. The addition of the electron-withdrawing amide
groups on the parent [Ru(bpy)3]2+ complex imparts a significant bathochromic shift in the emission (lmax = 666 nm) by
lowering the p* (LUMO) energy level,[9d] thus increasing the
spectral separation from [Ir(ppy)3] (ca. 150 nm between peak
maxima). The two complexes also have distinct oxidation
potentials: [Ir(ppy)3] at 0.32 V and [Ru(bpy)2(L)]2+ at 1.01 V
versus ferrocene.
When subjected to an electrode potential sweep capable
of oxidizing both complexes (0 to 1.04 V versus ferrocene),
the ECL spectrum for this combined system exhibited the two
characteristic emission bands of the respective charge transfer
(3MLCT and/or 3LC) states (Figure 2 a; spectrum A), similar
to that demonstrated by Muegge and Richter[11a] for [Ir(dfAngew. Chem. Int. Ed. 2012, 51, 4354 –4357

Figure 2. a) ECL spectra generated using an electrode sweep at
0.05 Vs1 from 0 to 1.04 V (spectrum A) or 0 to 0.44 V (spectrum B)
vs. ferrocene for 0.5 mm [Ir(ppy)3] and 0.025 mm [Ru(bpy)2(L)]2+ in
acetonitrile/0.1 m TBAPF6 (TBA = tetrabutylammonium) with 10 mm
tripropylamine (TPA) as co-reactant. b) ECL spectra generated using
chronoamperometry pulses at C) 1.30 V or D) 1.04 V vs. ferrocene for
0.1 mm [Ir(df-ppy)2(BPS)] and 0.01 mm [Ru(bpy)2(L)]2+ in 0.1 m phosphate buffer, 1:1 v/v water/acetonitrile with 10 mm TPA co-reactant
(see the Supporting Information for further details).

ppy)2(pic)] and [Ru(bpy)3]2+. However, by selecting a voltage
between the oxidation potentials of the two complexes, we
were able to generate the [Ir(ppy)3] ECL peak alone (Figure 1 a; spectrum B) from the same reaction mixture.
Figure 2 a shows that the ECL from the iridium complex
emerged at lower electrode potentials than its ruthenium
counterpart, but this order can be reversed by modifying
ligand structure. Substitution of a cyclometalating phenylpyridine of the iridium complex with an ancillary diimine
ligand raises the oxidation potential[9a, 22] and can improve the
solubility in more analytically useful polar solvents.[9e] Herein
we selected the dianionic BPS ligand to incorporate additional polar functionality. The deleterious bathochromic shift
induced by the diimine ligand was countered by the addition
of electron-withdrawing fluorine groups on the phenyl rings
of the remaining ppy ligands,[9e, 23] which stabilizes the HOMO
level from the metal and ligand orbitals and further increases
the IrIV/III potential.[9e, 24] The emission maximum of [Ir(dfppy)2(BPS)] (lmax = 547 nm)[18] is still 120 nm lower than that
of [Ru(bpy)2(L)]2+, but the iridium complex is less readily
oxidized, with an oxidation potential of 1.25 V versus
ferrocene (see the Supporting Information). Unlike [Ir(ppy)3], both [Ir(df-ppy)2(BPS)] and [Ru(bpy)2(L)]2+ are
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highly soluble in 1:1 v/v water/acetonitrile. The characteristic
ECL bands of both complexes were observed when this
system was subjected to 1.30 V versus ferrocene (Figure 2 b;
spectrum C) and lower electrode potentials now imparted
considerable selectivity towards the ruthenium complex
(Figure 2 b; spectrum D), albeit with lower overall emission
intensities.
The light emitted from a mixture of [Ir(df-ppy)2(BPS)]
and [Ru(bpy)2(L)]2+, with TPA as co-reactant, at the electrode surface was visually inspected through the transparent
base of the electrochemical cell, with experiments conducted
in a dark room. We observed a clear change in the color of the
emitted light, from red to green, with increasing electrode
potential (Figure 1).
The emission of concomitant electrochemiluminophores
over wide ranges of both electrode potential and emission
wavelength can be rapidly explored by automated acquisition
of ECL spectra using a CCD camera coupled with cyclic
voltammetry experiments. This novel approach enables the
rapid generation of three-dimensional ECL spectra for
a comprehensive characterization of the luminescent redox
system. Figure 3 a, for example, shows the data acquired
during the forward electrode potential sweep (1.0 V to 1.3 V
vs ferrocene) for a mixture of 0.1 mm [Ir(df-ppy)2(BPS)] and
0.01 mm [Ru(bpy)2(L)]2+. A total of 30 spectra were obtained,
each an average of 40  18 ms scans. The entire measurement
therefore required about 22 s. The analogous three-dimensional photoluminescence plot is shown in Figure 3 b. For this
combination of complexes over these excitation ranges, the

ECL and photoluminescence plots both show the emergence
of the ruthenium complex followed by the iridium complex, as
the respective excitation energy is modulated. Although the
system is sufficiently robust to allow a large number of
measurement cycles, it is clear that further work is needed to
improve the ECL efficiency of the green emitting components
for real-world applications.
We have also examined the analogous chemically initiated
luminescence (chemiluminescence) from two metal complexes ([Ir(df-ppy)2(BPS)] and [Ru(bpy)2(L)]2+) in 1:1 v/v
water/acetonitrile with a tertiary amine co-reactant (ofloxacin
or codeine) by merging the solution with 1 mm cerium(IV)
sulfate (in 0.05 m H2SO4) in a spiral glass flow-cell positioned
within a Cary Eclipse fluorescence spectrophotometer. Under
these conditions we observed the simultaneous emission from
the two complexes (data not shown), similar to ECL
spectrum C in Figure 2 b. Selective chemical excitation of
the two luminophores is theoretically possible, but unlike
ECL, the oxidation potentials are limited to those of available
chemical reagents. The chemiluminescence of ruthenium[2b]
and iridium[13, 18] complexes is most often initiated with lead
dioxide or cerium(IV), although permanganate[25] and bromate[26] have also been used. However, none of these oxidants
were suitable to elicit an intense emission from only one
complex in the presence of the other.[27]
This approach to electrogenerated chemiluminescence,
which exploits differences in redox and luminescence properties, opens new avenues for multianalyte ECL detection and
also for the characterization of the photophysical properties
and energy transfer mechanisms of luminescent metal complexes. Moreover, the ability to tune the emission ratio of
multiple electrochemiluminophores with distinct spectral
distributions creates new possibilities for color selection in
light-emitting devices.
Received: January 30, 2012
Published online: March 21, 2012
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Figure 3. 3D graphs of: a) ECL intensity as a function of applied
potential and emission wavelength, created by an automated acquisition of ECL spectra throughout the forward sweep of a cyclic
voltammogram; and b) photoluminescence intensity as a function of
excitation and emission wavelengths. Conditions: a) 0.1 mm [Ir(dfppy)2(BPS)] and 0.01 mm [Ru(bpy)2(L)]2+ in 1:1 v/v water/acetonitrile
with 10 mm TPA; b) 0.05 mm [Ir(df-ppy)2(BPS)] and 0.025 mm [Ru(bpy)2(L)]2+ in 1:1 v/v water/acetonitrile (see the Supporting Information for further details).
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The reaction of various [Os(L)2(L0 )]2+ complexes (where L and L0
are phenanthroline, diphosphine or diarsine ligands) and organic
reducing agents after chemical or electrochemical oxidation of the
reactants produces an emission of light corresponding to MLCT
transitions. In certain instances, the emission was greater than that
of [Ru(bipy)3]2+, but the relative signals were dependent on many
factors, including reagent concentration, mode of oxidation,
reducing agent and the sensitivity of the photodetector over the
wavelength range.
The extensive use of [Ru(bipy)3]2+ and its derivatives in chemiluminescence1 and electrochemiluminescence (ECL)2–5 detection has
created great interest in alternative metal-complex reagents to
improve the sensitivity of existing detection systems and develop new
analytical applications.3,6–9 Osmium complexes offer some advantages over their ruthenium counterparts: the larger crystal field
strength of the heavy metal raises the energy of the non-emissive
d–d states, which reduces thermal deactivation of the metal-to-ligand
charge transfer (MLCT) states, imparting greater photostability.10,11
However, tris diimine Os(II) complexes generally exhibit lower emission energies, shorter excited-state lifetimes and lower ECL efficiencies than their Ru(II) analogues12–14 which has been attributed to
differences in oxidation potentials, larger spin–orbit coupling and
energy gap considerations. These shortcomings have been addressed
by substituting one or more diimine ligands with stronger p-acceptors, such as diphosphine or diarsine species.15–17 Richter et al. for
example, showed that the ECL efficiency of [Os(phen)2(dppene)]2+
(phen ¼ 1,10-phenanthroline, dppene ¼ bis(diphenylphosphino)
ethene) was double that of [Ru(bipy)3]2+, with tri-n-propylamine
(TPA) in aqueous solution,17 and further enhancements (3- to 5-fold)
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were obtained by incorporating a non-ionic surfactant18 or ionic
liquids.19 In more recent studies, related Os(II) complexes in acetonitrile, acetonitrile–water and acetonitrile–dioxane solutions have
exhibited greater annihilation and co-reactant ECL efficiencies than
[Ru(bipy)3]2+.20,21 Despite these promising preliminary investigations
into osmium-based ECL, the possibility of initiating these reactions
with chemical oxidants is yet to be explored. Herein, we examine the
light-producing reactions of Os(II) complexes with organic reducing
agents, initiated by chemical or electrochemical oxidation, to assess
their potential as chemiluminescence reagents and derive new insight
into their interrelated redox and luminescence properties.‡
A variety of Os(II) complexes, [Os(bthp)2(dmpe)]2+ (1), [Os(tmep)2(dchpe)]2+ (2), [Os(tmep)2(diars)]2+ (3), [Os(tmep)2(dmpe)]2+ (4),
[Os(phen)2(dppene)]2+ (5), [Os(diars)2(bthp)]2+ (6) (see Fig. 1 for full
ligand names and structures), were prepared as hexafluorophosphate
salts as previously described.15,22

Fig. 1 Ligands. bipy: 2,20 -bipyridine, phen: 1,10-phenanthroline, tmep:
3,4,7,8-tetramethyl-1,10-phenanthroline, bthp: 4,7-diphenyl-1,10-phenanthroline (i.e. bathophenanthroline), dchpe: 1,2-bis(dicyclohexylphosphino)ethane, diars: 1,2-bis(dimethylarseno)benzene, dmpe: 1,2bis(dimethylphosphino)ethane, and dppene: bis(diphenylphosphino)
ethane.
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Table 1 Selected spectroscopic and electrochemical data

Table 3 Spectroscopic properties of Ru(II)/Os(II) complexes (chloride
salts) in acidic aqueous solution**

Complex

PLa/eV

sa/ms

fPLa

E bc/V

ECLcd/eV

ECLc/nm

1
2
3
4
5
6

1.88
1.95
1.98
2.03
2.08
2.09

1.6
1.7
1.7
2.4
1.8
8.9

0.12
0.10
0.08
0.17
0.20
0.36

1.063
0.976
0.954
0.938
1.340e
1.464e

1.85
1.94
1.97
1.97
2.00
2.05

670
640
630
630
620
605

a
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In acetonitrile; data from ref. 22 for complexes 1–4 and 6, and ref. 15 for
complex 5. b M2+/3+ vs. Ag/AgCl. c In 1 : 1 (v/v) acetonitrile–aqueous
phosphate buffer (0.1 M, pH 7). d A co-reactant concentration of 500
mM was used for all complexes, except for 6 where 10 mM co-reactant
was used. e Peak potentials rather than formal potentials.

In contrast to [Os(phen)3]2+, which emits in the near-infrared
(lmax ¼ 720 nm; 1.72 eV),10 these complexes exhibited emission
maxima in the visible region (Table 1). Complexes 2–5 (each incorporating a single diphosphine or diarsine ligand) emitted at wavelengths similar to those of [Ru(bipy)3]2+ (lmax ¼ 620 nm; 2.00 eV). In
the case of complex 1, the hypsochromic influence of the diphosphine
ligand was somewhat off-set by the low p* energy of the bathophenanthroline ligands. DFT calculations have shown that the
excited states of these complexes predominantly involve chargetransfer between the d metal orbitals and the p* of the substituted
phenanthroline ligands.22 Complex 6 (containing two diarsine
ligands) exhibited the highest energy radiative transition. In this case,
DFT calculations indicated significant mixing of the ligand-centred
p–p* into the MLCT state, resulting in a greater quantum yield and
excited state lifetime (Table 1).22
A comparison of the ECL of these complexes dissolved in 1 : 1 v/v
acetonitrile–water using potassium oxalate and ofloxacin (a tertiary
amine pharmaceutical) as co-reactants revealed marked differences in
intensity that did not follow the observed trends of photoluminescence quantum yield.x In agreement with previous studies of
related complexes,20,21 several species (complexes 2, 3, 5) exhibited
greater intensities than [Ru(bipy)3]2+, which can be initiated at
considerably lower electrode potentials than 1.176 V found for
[Ru(bipy)3]2+ under these conditions. In addition to more sensitive
detection,1–4 these complexes hold great promise for application in the
recently devised approach to selectively excite multiple concomitant
electrochemiluminophores based on their distinct redox properties.9
A plot of ECL intensity versus oxidation potential (Fig. S1 in ESI†)

labsa/nm
Complex

p–p*

MLCT

lemab/nm

fPLc

[Ru(bipy)3]2+
[Ru(phen)3]2+
[Os(phen)2(dppene)]2+

285
263
266

427, 454
420, 450
369, 476

628
606
620

0.028d
0.027
0.070

a
1  105 M complex in 0.05 M sulfuric acid, in a quartz cell of 1 cm path
length. b Excitation at 450 nm. c Air saturated aqueous solution at room
temperature. d From ref. 25.

Fig. 2 Temporal stability of [Ru(bipy)3]3+ (red line) and
[Os(phen)2(dppene)]3+ (blue line) in 0.05 M sulfuric acid, monitored by
absorbance at 660 nm (normalised at t ¼ 0). The Ru(II)/Os(II) complexes
were oxidised using lead dioxide which was removed by syringe tip filter
as the solutions were dispensed into the cuvette within the
spectrophotometer.24

shows relatively intense emissions from complexes that have significantly lower or higher oxidation potentials than [Ru(bipy)3]2+.
We examined the chemically initiated luminescence of these six
Os(II) complexes (1 mM in 1 : 1 v/v acetonitrile–water) using flow
injection analysis methodology,{ where the complex was injected
into a carrier stream containing ofloxacin (1  105 M in 1 : 1 v/v
acetonitrile–water), which merged with an aqueous acidic oxidant
solution (1 mM cerium(IV) sulfate in 0.05 M sulfuric acid), before

Table 2 ECL and chemiluminescence intensities (blank subtracted) for the osmium complexes, relative to that of [Ru(bipy)3]2+ under each set of
chemical and instrumental conditions
Relative ECL intensityx

Relative CL intensity{

Ofloxacina

Oxalatea

Ofloxacina–cerium(IV)b

Complex

Trialkali PMTc

Trialkali PMTc

Bialkali PMTd

Trialkali PMTc

1
2
3
4
5
6

1.31
4.00
5.16
0.54
2.45
0.12

0.93
4.84
2.59
0.56
1.54
0.22

0.06
0.10
0.14
0.04
0.88
0.17

0.76
0.20
0.07
0.05
0.48
0.06

a

Co-reactant. b Chemical oxidant. c Model 9828SB. d Model 9124B40.
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Fig. 3 Chemiluminescence signal and signal/blank ratio for the reaction
of 0.1 mM [Ru(bipy)3]2+ (black columns), [Ru(phen)3]2+ (grey columns) or
[Os(phen)2(dppene)]2+ (white columns) with cerium(IV) and various analytes (co-reactants) in acidic aqueous solution. Furosemide, codeine and
potassium oxalate were at a concentration of 1  105 M and ofloxacin
was at 1  106 M.

entering a coiled-tubing detection cell. Although no Os(II) complex
produced a chemiluminescence signal greater than that of
[Ru(bipy)3]2+ (with ofloxacin and cerium(IV)), large responses were
observed for complex 5 and the far red emitters: complexes 1 and 2.
The emissions from these complexes occur in a region of the spectrum
where the sensitivity of conventional photomultiplier tubes (PMTs) is
significantly reduced. A comparison of intensities using a ‘green
enhanced’ bialkali PMT (rather than the extended-range trialkali
PMT) showed a large bias towards the complexes that emitted at
lower wavelengths (Table 2). In agreement with previous studies of
the chemiluminescence reactions of Ru(II) and Ir(III) complexes,23,24
a different ratio of intensities was observed when the tertiary amine
reductant was replaced with potassium oxalate (data not shown).
Based on these findings, complex 5 ([Os(phen)2(dppene)]2+) was
selected for further investigation.
The above Os(II) complexes and those utilised in previous ECL
studies were prepared as hexafluorophosphate salts, which have low
solubility in aqueous solution.19 To examine the utility of
[Os(phen)2(dppene)]2+ in this more analytically useful solvent, we
therefore prepared the corresponding chloride salt.k Selected spectroscopic properties for [Os(phen)2(dppene)]2+, [Ru(bipy)3]2+ and
[Ru(phen)3]2+ in 0.05 M sulfuric acid are shown in Table 3. These
values are in good agreement with previously reported data for these
complexes in acetonitrile and aqueous solutions.10,25
2768 | Analyst, 2012, 137, 2766–2769

Similar to observations for Ru(III) complexes containing phenanthroline ligands,24 the oxidised [Os(phen)2(dppene)]3+ complex was
found to be less stable in aqueous solution than [Ru(bipy)3]3+
(Fig. 2).** However, the in situ oxidation of reactants with cerium(IV)
using flow injection analysis ensured reproducible mixing of solutions
and avoided problems associated with the alternative approach of
off-line oxidation with lead dioxide.26
The chemiluminescence of [Os(phen)2(dppene)]3+ with cerium(IV)
and various organic compounds in aqueous solution was compared
to that of [Ru(bipy)3]2+ and [Ru(phen)3]2+ under identical conditions
(Fig. 3).{†† Previous investigations of the chemiluminescence of
Ru(II) and Ir(III) complexes have revealed several species that produce
more intense emissions than [Ru(bipy)3]2+.27,28 However, these
complexes also produced much greater ‘blank’ responses, due to
reaction between complex and solvent, which has a deleterious effect
when the intention is to detect the co-reactant. In contrast, 0.1 mM
[Os(phen)2(dppene)]2+ gave comparable signal and blank responses to
the conventional Ru(II) complexes (Fig. 3). In the case of furosemide,
[Os(phen)2(dppene)]2+ gave double the intensity of [Ru(bipy)3]2+ and
a higher signal/blank ratio.
Ofloxacin elicited the greatest responses of the four analytes (the
results shown in Fig. 3 were obtained with ofloxacin at an order of
magnitude lower concentration than the other compounds). Limits of
detection for ofloxacin using 0.1 mM [Ru(bipy)3]2+, [Ru(phen)3]2+ and
[Os(phen)2(dppene)]2+ were 4.5  109 M, 1.7  109 M and 1.8 
109 M, respectively, which are comparable with those previously
reported for this analyte using [Ru(bipy)3]2+–Ce(IV) chemiluminescence (between 1  109 M and 6  107 M).28–33 By
increasing the concentration of the complexes to 1 mM, the signals
became approximately 10-fold larger, but the signal/blank ratios
decreased. This effect (previously ascribed to the relative reaction
rates of the complex with analyte and solvent and the portion of the
total emission detected by the flow injection analysis detector28) was
more prominent for [Ru(phen)3]2+ and [Os(phen)2(dppene)]2+ than
[Ru(bipy)3]2+.

Conclusions
Osmium(II) complexes that incorporate combinations of diimine and
diphosphine or diarsine ligands are promising alternatives to traditional tris-diimine ruthenium(II) complexes for chemiluminescence
and ECL detection. These complexes provide convenient control of
redox and luminescence properties using a variety of readily available
ligands.
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x Electrochemical experiments were performed using m-AUTOLAB
electrochemical workstation potentiostat (MEP Instruments, North
Ryde, NSW, Australia) with General Purpose Electrochemical Systems
(GPES) software (version 4.9). The electrochemical cell consisted of
a cylindrical glass container with a quartz base and Teflon cover with spill
tray, and was encased in a custom-built light-tight faraday cage. The
three-electrode configuration consisted of a glassy carbon 3 mm diameter
working electrode shrouded in Teflon (CH Instruments, Austin, TX,
USA), a 1 cm2 platinum gauze auxiliary electrode and a Ag/AgCl reference electrode. Emission intensities were measured with an extended
range photomultiplier tube (PMT; Electron Tubes model 9828B) positioned against the base of the cell. ECL spectra were obtained by
replacing the PMT with a fibre optic cable (1 m) connected to a spectrometer with CCD detector (model QE6500, Ocean Optics). The spectrometer software was triggered by the potentiostat using a HR 4000
Break-Out box. The complexes were prepared at a concentration of 0.1
mM in 1 : 1 v/v acetonitrile–water, with 0.1 M phosphate buffer (pH 7) as
the supporting electrolyte. Prior to each experiment, the working electrode was polished using 0.3 mm and then 0.05 mm alumina with Milli-Q
water on a felt pad, rinsed in freshly distilled acetonitrile and dried with
a stream of nitrogen. The working electrode was then positioned at an
appropriate distance (2 mm) from the bottom of the cell for detection of
the ECL signal, and the solution was purged with argon for 5 min. The
complexes were then electrochemically cycled to their respective oxidative
potentials to generate the Ru(III)/Os(III) forms in the presence of 10 mM
ofloxacin or potassium oxalate. All intensities were compared to that of
[Ru(bipy)3]2+.
{ For the examination of chemiluminescence intensities, flow injection
analysis was used to reproducibly combine the reacting species. The
manifold was constructed as previously described.34 The distance
between the final confluence point and the beginning of the detection coil
was 10 mm. The photodetector was an Electron Tubes photomultiplier
tube (ETP, NSW, Australia), model 9124B40 operated at 0.9 kV, or
9828SB operated at 1.3 kV. The Os(II)/Ru(II) complex (dissolved in either
1 : 1 v/v acetonitrile–water or aqueous 0.05 M H2SO4) was injected (70
mL) into a carrier line containing the co-reactant/analyte (in the same
solvent), which merged with the oxidant (1  103 M cerium(IV) sulfate in
0.05 M H2SO4) before entering the detection flow-cell. For each complex/
co-reactant combination, flow rates of 1 and 3.5 mL min1 per line were
compared. Blank signals were obtained under the same conditions, except
that the co-reactant/analyte solution was replaced by deionised water.
k The synthesis of [Os(phen)2(dppene)]Cl2 followed the procedures of
Kober and co-workers.16 1H NMR 8.554–8.585 (dd, 2H), 8.366–8.388
(dd, 2H), 8.347 (s, 2H), 8.179–8.210 (dd, 2H), 8.106–8.136 (2H), 8.014–
8.036 (dd, 2H), 7.955–7.985 (2H), 7.492–7.641 (m, 12H), 7.129–7.175 (q,
2H), 6.905–6.959 (m, 2H), 6.596–6.649 (t, 4H), 6.072–6.099 (d, 4H), yield
0.958 g (28.3%).
** Absorbance and photoluminescence measurements were performed
using a Cary 300 Bio UV-Vis Spectrophotometer and Cary Eclipse
Spectrofluorimeter (Varian Analytical Instruments, Australia). Emission
spectra were corrected as previously described.35 The stability of the
Ru(III)/Os(III) complexes in acidic aqueous solution and the relative
photoluminescence quantum yields of the Ru(II)/Os(II) complexes were
established as previously described.24,36 Quantum yield experiments were
performed at room temperature without degassing, using the literature
value of 0.028 for [Ru(bipy)3]2+ in air-saturated aqueous solution.25
†† In an initial optimisation of conditions, the Os(II)/Ru(II) complexes
were tested at concentrations of 0.1, 0.5 and 1 mM. The greatest intensities were observed using 1 mM, but 0.1 mM tended to give superior
signal-to-blank ratios.
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a b s t r a c t
We have conducted a comprehensive comparative study of Ru(bipy)3 2+ , Ru(bipy)2 (phen)2+ ,
Ru(bipy)(phen)2 2+ , and Ru(phen)3 2+ as chemiluminescence and electrochemiluminescence (ECL)
reagents, to address several previous conﬂicting observations and gain a greater insight into their potential for chemical analysis. Clear trends were observed in many of their spectroscopic and electrochemical
properties, but the relative chemiluminescence or ECL intensity with a range of analytes/co-reactants is
complicated by the contribution of numerous (sometimes opposing) factors. Signiﬁcantly, the reversibility of cyclic voltammetric responses for the complexes decreased as the number of phenanthroline ligands
was increased, due to the lower stability of their ruthenium(III) form in the aqueous solvent. This trend was
also evident over a longer timescale when the ruthenium(III) form was spectrophotometrically monitored
after chemical oxidation of the ruthenium(II) complexes. In general, the greater stability of Ru(bipy)3 3+
resulted in lower blank signals, although this effect was less pronounced with ECL, where the reagent
is oxidised in the presence of the co-reactants. Nevertheless, this shows the need to compare signal-toblank ratios or detection limits, rather than the more common comparisons of overall signal intensity for
different ruthenium complexes. Furthermore, our results support previous observations that, compared
to Ru(bipy)3 2+ , Ru(phen)3 2+ provides greater ECL and chemiluminescence intensities with oxalate, which
in some circumstances translates to superior detection limits, but they do not support the subsequent
generalised notion that Ru(phen)3 2+ is a more sensitive reagent than Ru(bipy)3 2+ for all analytes.
© 2008 Elsevier B.V. All rights reserved.

1. Introduction
Chemiluminescence and electrochemiluminescence (ECL) reactions with a wide range of ruthenium complexes have been
explored [1–3], but the extensive analytical application of this
chemistry in clinical diagnostics, environmental monitoring and
industrial process analysis is almost exclusively based on tris(2,2 bipyridine)ruthenium(II) (Ru(bipy)3 2+ ; Fig. 1) and derivatives that
contain suitable chemical functionality to covalently bind this com-
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plex to various biomolecules [1,3–5]. The emission of light from
Ru(bipy)3 2+ and related complexes requires initial chemical or electrochemical oxidation to form the corresponding ruthenium(III)
species (Fig. 2) [1–3]. Cerium(IV) and lead dioxide are the two
most commonly used chemical oxidants for this process [2,3].
Subsequent reaction with a suitable analyte or ‘co-reactant’, or
a reactive oxidation product of these species, elicits the characteristic orange luminescence from an excited metal-to-ligand
charge-transfer (MLCT) triplet state of the ruthenium(II) complex
[6].
Some of the early spectroscopic investigations of Ru(bipy)3 2+
included the study of tris(1,10-phenanthroline)ruthenium(II)
(Ru(phen)3 2+ ; Fig. 1) and its derivatives [7,8]. For example, Hercules and Lytle [7] compared the chemiluminescent reactions
of Ru(bipy)3 2+ and three methyl-substituted 1,10-phenanthroline
ruthenium complexes (with either sodium hydroxide or hydrazine
after chemical oxidation of the reagent) and found that only the
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Fig. 1. Tris(2,2 -bipyridine)ruthenium(II) [Ru(bipy)3 2+ ], tris(1,10-phenanthroline) ruthenium(II) [Ru(phen)3 2+ ], bis(2,2 -bipyridine)(1,10-phenanthroline)ruthenium(II) [Ru(bipy)2 (phen)2+ ] and (2,2 -bipyridine)bis(1,10-phenanthroline)ruthenium(II) [Ru(bipy)(phen)2 2+ ].

2,2 -bipyridine complex evoked an emission of sufﬁcient intensity for the collection of spectra. Similarly, Bard and co-workers
[8] reported that the ECL of Ru(bipy)3 2+ in acetonitrile was more
intense than that of Ru(phen)3 2+ .
In later investigations, Kapturkiewicz and Szrebowaty [9]
reported that the ECL efﬁciencies of Ru(bipy)3 2+ with a wide range
of electrochemically generated radicals, radical cations and radical anions as co-reactants (N-methylpyridinium, aromatic amine,
and quinone compounds) in acetonitrile were greater than those
of Ru(phen)3 2+ . However, Kanouﬁ and Bard [10] examined the ECL
of ruthenium(II) complexes with oxalate in aqueous solution and
found that (in spite of the fact that the excited state of Ru(bipy)3 2+
was populated with greater efﬁciency than Ru(phen)3 2+ ) the
greater photoluminescence efﬁciency of Ru(phen)3 2+ in aqueous
solution led to a superior ECL quantum efﬁciency for that complex
(0.015 compared to 0.011 for Ru(bipy)3 2+ ).
Other researchers have made similar claims, such that
Ru(phen)3 2+ can provide greater chemiluminescence or ECL intensity, or superior sensitivity for detection, than Ru(bipy)3 2+ under
aqueous conditions [11–16], which has spurred further investigation into Ru(phen)3 2+ and its derivatives [15,17–22]. Of particular
note, researchers at Wuhan University reported that the chemiluminescence from reactions between Ru(phen)3 2+ , cerium(IV),
and an organic acid [11,12] or surfactant [13] in aqueous solution
was more intense than that of the corresponding reactions with
Ru(bipy)3 2+ and subsequently employed Ru(phen)3 2+ with chemical oxidation (using cerium(IV), permanganate or periodate) for the
determination of a much wider range of analytes [23–30], although
in these later studies a direct comparison of the ruthenium complexes was not conducted.
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ECL reactions with heteroleptic ruthenium complexes containing both 2,2 -bipyridine and 1,10-phenanthroline ligands have also
been examined [15,31]. Michel and co-workers [31] reported that
the ECL intensities of Ru(bipy)2 (phen)2+ (Fig. 1), and Ru(phen)3 2+
(in an acetate buffer at pH 4.0 with codeine as a co-reactant)
were 253% and 85% of that observed for Ru(bipy)3 2+ . In contrast, Kim and co-workers [15] prepared the hexaﬂuorophosphate
salts of Ru(bipy)3 2+ , Ru(bipy)2 (phen)2+ , Ru(bipy)(phen)2 2+ and
Ru(phen)3 2+ , and found that the relative ECL intensities (in a phosphate buffer at pH 7.0, with tripropylamine as a co-reactant) were
100%, 133%, 162% and 194%, respectively. Kim and co-workers
[14,15] attributed this increase in intensity with the number of
1,10-phenanthroline ligands to the slightly lower donor ability of
1,10-phenanthroline compared to 2,2 -bipyridine, which increased
the energy of the MLCT band, therefore reducing the efﬁciency of
radiationless deexcitation processes.
To gain a greater understanding of these somewhat conﬂicting reports of the relationship between the nature of the
ruthenium complex and emission intensity, we conducted a comprehensive comparative study of Ru(bipy)3 2+ , Ru(bipy)2 (phen)2+ ,
Ru(bipy)(phen)2 2+ and Ru(phen)3 2+ as chemiluminescence and ECL
reagents. This included investigations into their spectroscopic and
electrochemical properties, the stability of the ruthenium(III) state
of each complex in aqueous solution using two different approaches
to chemical oxidation, and the relative chemiluminescence and ECL
intensities for each complex with a range of analytes/co-reactants:
tripropylamine, 2-(dibutylamino)ethanol (DBAE), oxalate, proline,
codeine and strychnine.
2. Experimental
2.1. Mass spectrometry
A 6210 MSDTOF mass spectrometer (Agilent Technologies, Forest Hill, VIC, Australia) was used with the following conditions:
drying gas, nitrogen (7 mL min−1 , 350 ◦ C); nebuliser gas, nitrogen
(16 psi); capillary voltage, 4.0 kV; vaporiser temperature, 350 ◦ C;
and cone voltage, 60 V. Samples were prepared in acetonitrile.
2.2. Thermogravimetric analysis
Samples (<10 mg) were placed into a TGA7 Thermogravimetric Analyser (PerkinElmer, Melbourne, VIC, Australia) and
heated from 20 ◦ C to above 850 ◦ C at a constant increase of
20.00 ◦ C min−1 . The percentage masses of H2 O in the [Ru(bipy)3 ]Cl2 ,
[Ru(bipy)2 (phen)]Cl2 , [Ru(bipy)(phen)2 ]Cl2 , [Ru(phen)3 ]Cl2 complexes were found to be 14.7% (28–310 ◦ C), 16.4% (28–220 ◦ C), 14.0%
(28–255 ◦ C) and 15.0% (28–250 ◦ C), which correspond to 6H2 O (calculated: 14.4%), 7H2 O (calculated: 16.0%), 6H2 O–7H2 O (calculated:
13.6%, 15.5%) and 7H2 O (calculated: 15.0%).
2.3. Absorption spectra and oxidised reagent stability testing
UV–visible absorption spectra were collected using a Cary 300
Bio UV–vis Spectrophotometer (Varian Australia, Mulgrave, VIC,
Australia) with 1 cm path length quartz cell. The relative stability of

Fig. 2. Generalised pathway for the production of the emitting species and subsequent regeneration of the reagent.
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the ruthenium(III) state of the four complexes after oxidation with
lead dioxide was examined by adding 3 mg of the solid oxidant
to 5 mL of the ruthenium complex (1 × 10−4 M in 0.05 M H2 SO4 ),
which rapidly changed colour from orange to green. The oxidised
complex was injected through an Acrodisc ﬁlter into the cuvette
within the spectrophotometer, and the peaks corresponding to
the ruthenium(II) and ruthenium(III) states were monitored over
time. The relative stability of the complexes after oxidation with
cerium(IV) was examined by combining solutions of cerium(IV)
sulfate (2 × 10−4 M in 0.05 M H2 SO4 ) and the ruthenium complex
(2 × 10−4 M in 0.05 M H2 SO4 ) in a cuvette placed in the spectrophotometer.

cerium(IV) sulfate solution (1 × 10−3 M) at the T-piece immediately
prior to entering the ﬂow cell. Alternatively, the ruthenium complex was oxidised off-line with lead dioxide, the excess oxidant
was ﬁltered off and the oxidised reagent was injected into a carrier stream (0.05 M H2 SO4 ) that merged with the analyte at the
T-piece. The solution ﬂow rate was optimised for each combination of ruthenium complex and analyte, and for both methods of
oxidation. Multiple injections were made at each ﬂow rate to conﬁrm that the response was reproducible. Final ﬁgures for relative
intensities were each an average of three replicate injections. Blank
signals were recorded for each complex over the range of ﬂow rates,
by replacing the analyte solution with DI water.

2.4. Luminescence spectra

2.7. Flow injection analysis with ECL detection

Photoluminescence and chemiluminescence spectra were collected with a Cary Eclipse Spectroﬂuorometer (Varian Australia,
Mulgrave, VIC, Australia) with a R928 photomultiplier tube (Hamamatsu, Iwata-gun, Shizuoka-ken, Japan). Emission spectra were
corrected, as previously described [32]. Photoluminescence spectra were collected using 2 × 10−4 M ruthenium complex in 0.05 M
sulfuric acid in a standard 1 cm quartz cuvette (5 nm band pass,
1 nm data interval, PMT voltage: 800 V). Chemiluminescence spectra were collected using a two-line ﬂow-analysis manifold (without
injection valve) to continuously merge a solution containing the
ruthenium complex (1 × 10−4 M), codeine (5 × 10−4 M) and sulfuric
acid (0.025 M) with a solution of cerium(IV) sulfate (2 × 10−4 M)
in an integrated glass Y-piece and spiral ﬂow cell (0.5 mm
i.d., 90 L volume) from Embell Scientiﬁc (Murwillumbah, NSW,
Australia), placed in front of the emission window of the spectroﬂuorometer. The excitation source of the spectroﬂuorometer was
turned off. Final spectra were an average of ten scans (20 nm band
pass, 1000 ms gate time, 2.5 nm data interval, PMT voltage: 800 V).

The relative ECL intensities for the reactions under investigation were established using a single-line FIA manifold, with a
ﬂow-through ECL detector comprising of a thin-layer electrochemical ﬂow cell (4.3 L cell volume) with a sapphire crystal window
for transmission of light to a photomultiplier tube via a liquid
light guide (see Supplementary Data for further details). Samples
were prepared by mixing the analyte with a solution of ruthenium
complex and electrolyte (0.2 M phosphate buffer adjusted to the
required pH or 0.05 M sodium acetate adjusted to pH 4) to obtain the
desired concentrations (2.5 × 10−4 M analyte and 1 × 10−3 M complex), before injection into a ﬂowing stream of electrolyte solution.
Using this method, the consumption of luminescent complex was
low (∼50 mg for 1000 injections), and the concentration of luminescent complex in the sample plug was precisely controlled. The
solution ﬂow rate was optimised for each combination of ruthenium complex and analyte. Multiple injections were made at each
ﬂow rate to conﬁrm that the response was reproducible. Final ﬁgures for relative intensities were each an average of ﬁve replicate
injections. Blank signals were recorded for each reagent–buffer
combination by omitting the analyte from the injected mixture.
The selection of buffer for each analyte was based on previous ECL studies with ruthenium(II) complexes (predominantly
Ru(bipy)3 2+ ) [3] and the pH values were conﬁrmed by optimising
for the greatest signal/blank ratio. Phosphate buffers (0.2 M) were
used for tripropylamine (pH 7.5) [34], DBAE (pH 7.5) [35], strychnine (pH 7.5), l-proline (pH 9.0) and potassium oxalate (pH 6.0),
while a sodium acetate buffer (50 mM; pH 4) was used for codeine.
Previous work with l-proline indicated that the optimum pH was
10 [36], but experiments with our FIA system showed that although
pH 10 did result in a larger signal, it was not the optimum for analysis as the signal/blank ratio was greater at pH 9.0. Similarly, while
pH 4 phosphate buffer produced a higher ECL intensity for codeine,
pH 4 acetate buffer resulted in a superior signal/blank ratio and thus
lower detection limit.

2.5. Cyclic voltammetry
Experiments were performed using a model CH660B potentiostat (CH Instruments, Austin, Texas, USA). A three-electrode
assembly was used consisting of a 3 mm diameter glassy carbon
working electrode (CH Instruments), a platinum wire auxiliary electrode and 5 cm3 cell. A Ag/AgCl (3 M KCl) reference electrode was
used for studies in aqueous media, whereas in organic solvents the
reference electrode consisted of a silver wire quasi reference electrode, and potentials were referenced to the formal potential of the
ferrocene/ferrocenium couple measured in situ. Samples consisted
of 1 × 10−3 M ruthenium complex in 0.2 M phosphate buffer at pH
6 or 5 × 10−3 M ruthenium complex in dry acetonitrile containing
0.1 M TBAPF6 . Scans were run at a rate of 0.1 V s−1 over a potential
range of 0–1.25 V vs Ag/AgCl for aqueous experiments and a range of
−2.5 to 1.5 V vs Ag wire for experiments conducted in acetonitrile.
Data were collected and analysed using a CH Instruments software
package.
2.6. Flow injection analysis with chemiluminescence detection
The relative chemiluminescence intensities for the reactions between the ruthenium complexes (Ru(bipy)3 2+ , Ru(bipy)2
(phen)2+ , Ru(bipy)(phen)2 2+ or Ru(phen)3 2+ ) and analytes (tripropylamine, DBAE, oxalate, proline, codeine and strychnine) were
established using a two-line ﬂow injection analysis (FIA) manifold,
which was constructed as previously described [33], except that
the volume of the injection loop was 70 L and the length of tubing
between the conﬂuence point and the beginning of the detection
coil was ∼10 mm.
Each ruthenium complex (1 × 10−3 M in 0.05 M H2 SO4 ) was
injected into an analyte stream (1 × 10−5 M) that merged with a

2.8. Reagents
Tris(2,2 -bipyridine)ruthenium(II)
chloride
hexahydrate
(Ru(bipy)3 Cl2 ·6H2 O) and tris(1,10-phenanthroline)ruthenium(II)
chloride hydrate (Ru(phen)3 Cl2 ·xH2 O) were purchased from Strem
Chemicals (Newbury, Massachusetts, USA) and Sigma–Aldrich
(Castle Hill, NSW, Australia), respectively. Bis(2,2 -bipyridine)(1,10phenanthroline)ruthenium(II) chloride was synthesised from cisdichlorobis(2,2 -bipyridine)ruthenium(II) dihydrate (Ru(bipy)2
Cl2 ·2H2 O) (Strem Chemicals) and 1,10-phenanthroline (Sigma–
Aldrich) using a method adapted from Wang and Zhu [37] (yield:
52.3%). The identity of the product was conﬁrmed via high resolution mass spectrometry in the positive ion mode with peaks
observed at m/z 297 and m/z 629 corresponding to [C32 H24 N6 Ru]2+
and [C32 H24 N6 RuCl]+ , respectively. The characteristic isotopic
distributions were observed.
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Table 1
Electrochemical data at 0.1 V s−1 for the four complexes in aqueous (0.2 M phosphate buffer/pH 6.0) and organic media (acetonitrile/0.1 M TBAPF6 ).
◦

◦

◦

Complex

Eox (V) (aq)a

Ep (mV) (aq)

ipa /ipc (aq)

Eox (V) (ACN)b

Ered (V) (ACN)b

Ru(bipy)3 2+
Ru(bipy)2 (phen)2+
Ru(bipy)(phen)2 2+
Ru(phen)3 2+

1.05
1.05
1.06
1.06

60
64
71
76

1.00
0.97
0.94
0.84

0.91
0.91
0.91
0.92

−1.74
(−1.73)c
(−1.77)d
−1.74e

a
b
c
d
e

Versus Ag/AgCl.
Versus ferrocene.
E1/2 from quasi reversible couple.
Peak potential.
PF6 salt used.

The other heteroleptic complex, (2,2 -bipyridine)bis(1,10phenanthroline)ruthenium(II) chloride, was synthesised from
ruthenium(III) chloride hydrate (Johnson Matthey, Royston
Hertfordshire, UK), 1,10-phenanthroline and 2,2 -bipyridine
(Sigma–Aldrich) using a method adapted from Sullivan and
co-workers [38] and Wang and Zhu [37] (overall yield: 49.0%).
The identity of the product was conﬁrmed via high resolution mass spectrometry in the positive ion mode with peaks
observed at m/z 309 and m/z 653 corresponding to [C34 H24 N6 Ru]2+
and [C34 H24 N6 RuCl]+ , respectively. The characteristic isotopic
distributions were observed.
Chemical oxidation of the reagents to the ruthenium(III) state
(Fig. 2) was conducted using cerium(IV) sulfate (Sigma–Aldrich) or
lead dioxide (Ajax, Auburn, NSW, Australia). When lead dioxide was
used, the excess solid oxidant was ﬁltered from the emerald green
ruthenium(III) reagent solution using a syringe-tip ﬁlter (Acrodisc
PSF 0.45 m Tuffyn membrane, Pall, Cheltenham, VIC, Australia).
Analytes/co-reactants were purchased from Sigma–Aldrich, except
for potassium oxalate (BDH) and codeine (GlaxoSmithKline Australia, Port Fairy, VIC, Australia).
3. Results and discussion
3.1. Electrochemical properties
Cyclic voltammetry studies of the ruthenium complexes were
conducted in both aqueous and organic media. Table 1 shows that
in acetonitrile, the potentials of ﬁrst oxidation (corresponding to
the Ru2+ /Ru3+ couple) and the potentials of ﬁrst reduction (corresponding to the addition of an electron to a ligand centered
orbital) were very similar for all complexes. The ratio of the magnitudes of the anodic and cathodic peaks (ipa /ipc ) for the Ru2+ /Ru3+
couple for each complex was close to unity. Surface effects due
to the 1,10-phenanthroline ligand prevented accurate determina-

tion of the potentials of the reduction processes in some cases.
These observations are in general agreement with previous reports
for the electrochemistry of these complexes in various media
[9,15].
The cyclic voltammetric responses in aqueous media for the two
homoleptic complexes and the two heteroleptic complexes are presented in Fig. 3. Consistent with the relative donor abilities of the
ligands, the tris phenanthroline complex is slightly more difﬁcult
to oxidise than the corresponding bipyridine species. Although the
peak to peak splitting (Ep ) observed for Ru(bipy)3 2+ is close to
the theoretical value of 59 mV expected for a reversible one electron
transfer, the complexes show decreased electrochemical reversibility as the number of phenanthroline ligands is increased (Table 1).
Fig. 3 also suggests an apparent difference between the chemical
reversibility of the redox couple for Ru(bipy)3 2+ and that of the
phenanthroline bearing complexes. As the proximity to the solvent
limit makes it difﬁcult to accurately determine the magnitude of
the return peaks in the voltammograms, the ratio of the magnitudes of the anodic and cathodic peaks (ipa /ipc ) were obtained by
semi-differentiation of the responses.
The peak ratio data presented in Table 1 show that the stability
of the ruthenium(III) form of the complexes decreases in the order:
Ru(bipy)3 3+ , Ru(bipy)2 (phen)3+ , Ru(bipy)(phen)2 3+ , Ru(phen)3 3+ .
Signiﬁcantly, this trend is also borne out in longer timescale
experiments, when chemical oxidation is used to generate the
ruthenium(III) form and the stability is monitored spectrophotometrically (see later section). The observed variations in Ep and
peak current ratio are both consistent with a mechanism in which
the phenanthroline bearing complexes take part in a homogeneous
chemical reaction following their oxidation at the electrode. As
chemically reversible voltammetric responses were observed in
organic solvent for all complexes, it seems likely that the observed
variations in stability for the different complexes in aqueous solution represents increased efﬁciency of the reaction between the

Fig. 3. Cyclic voltammograms of 1 mM solutions of Ru(bipy)3 2+ (A), Ru(phen)3 2+ (D), Ru(bipy)2 (phen)2+ (B), and Ru(bipy)(phen)2 2+ (C), in aqueous solution. The dotted lines
represent the background signal in the absence of ruthenium complex. A 3 mm diameter glassy carbon electrode was used, the scan rate was 0.1 V s−1 and the electrolyte was
0.2 M phosphate buffer (pH 6).
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Table 2
Wavelength maxima for the absorbance, photoluminescence (PL) and chemiluminescence (CL) spectra of [Ru(bipy)n (phen)3−n ]2+ complexes in acidic aqueous solution at
room temperature.
Reagent

Ru(bipy)3 2+
Ru(bipy)2 (phen)2+
Ru(bipy)(phen)2 2+
Ru(phen)3 2+
a
b
c
d

Abs. (max , nm)

453
451
449
447

Uncorrected

Corrected

PL (max , nm)a , c

CL (max , nm)b , c

PL (max , nm)d

CL (max , nm)d

608
606
603
594

610
608
602
598

628
622
615
605

629
624
616
606

2 × 10−4 M in 0.05 M H2 SO4 .
Reaction with cerium(IV) and codeine.
(± 3 nm).
(± 8 nm).

ruthenium(III) species and water as the number of phenanthroline
ligands is increased.
3.2. Emission spectra
Previous reports of the wavelength of maximum emission
(em ) in the photoluminescence spectra of ruthenium complexes have varied considerably (580–628 nm for Ru(bipy)3 2+
in aqueous solution; 577–604 nm for Ru(phen)3 2+ in aqueous
solution) [39]. Wang and co-workers reported that the photoluminescence intensity maxima for saturated aqueous solutions of
the [Ru(bipy)2 (phen)](PF6 )2 and [Ru(bipy)2 (phen)](PF6 )2 were at
580 nm and 582 nm, respectively [37], but as with many of the
previous studies on the homoleptic complexes, the spectral distributions were not corrected for the relative wavelength sensitivity
of the instrumentation.
The corrected photoluminescence spectra of each of the four
ruthenium complexes at a concentration of 2 × 10−4 M in acidic
aqueous solution are shown in Fig S1 (Supplementary Data).
The wavelength of maximum intensity for [Ru(bipy)n (phen)3−n ]2+
increased as n was increased from 0 to 3 (Table 2), indicating that
the presence of 1,10-phenantholine ligands raised the energy of
the 3 MLCT transition. The corrected values for Ru(bipy)3 2+ and
Ru(phen)3 2+ are in good agreement with those reported by Nakamaru (628 and 604 nm) [40]. Similar values were observed for the
chemiluminescence spectra of the four complexes reacting with
cerium(IV) and codeine in acidic aqueous solution (Table 2).

case, 10–15 s were required for the solution to reach its maximum
absorbance, but only the Ru(bipy)3 3+ was stable for the period of the
experiment (3 min). However, most of the previously reported analytical applications based on chemiluminescence detection with
either Ru(bipy)3 2+ or Ru(phen)3 2+ and cerium(IV) have involved
on-line mixing of the ruthenium(II) complex and oxidant within
a ﬂow-analysis manifold [3], where the period of time between
solution conﬂuence and detection is only a few seconds and controlled by the ﬂow rate and the dimensions of the tubing and
detector. A similar trend of reagent stability was observed with lead
dioxide, but the changes were more immediate (Fig. 4b). Clearly, offline reagent oxidation for [Ru(bipy)n (phen)3−n ]2+ complexes where
n = 0, 1 or 2 would result in poor reproducibility and sensitivity,
and therefore subsequent experiments involving lead dioxide in
this study were limited to Ru(bipy)3 2+ . These observations conﬁrm

3.3. Stability of the ruthenium(III) oxidation state in aqueous
solution
As shown in Fig. 2, it is the reaction between the ruthenium(III) form of these reagents and a suitable reductant that
results in an emission of light (from a triplet excited state of
[Ru(bipy)n (phen)3−n ]2+ ). However, the ruthenium(III) species is
also reduced by water, the rate of which is largely determined by the
pH of the solution [39,41]. This reaction has the detrimental effect
of increasing the blank (or background) signal as the pH is raised,
but the extent that this effect impinges on the analytical procedure depends on the instrumental approach, because the period of
time between ex situ generation of ruthenium(III) and its reaction
with the target compound is considerably longer than when in situ
generation is used.
The relative stability of the ruthenium(III) complexes in acidic
aqueous solution after oxidation with either cerium(IV) or lead
dioxide was assessed by placing a solution of each oxidised reagent
in a cuvette within a spectrophotometer and monitoring the
absorbance at 660–670 nm (corresponding to the ruthenium(III)
state) over time. As shown in Fig. 4a, the stability of the ruthenium(III) complexes after oxidation with cerium(IV) decreased
in the order: Ru(bipy)3 3+ , Ru(bipy)2 (phen)3+ , Ru(bipy)(phen)2 3+ ,
Ru(phen)3 3+ . Excess oxidant remained in solution and in each

Fig. 4. Presence of Ru(bipy)3 3+ (A), Ru(bipy)2 (phen)3+ (B), Ru(bipy)(phen)2 3+ (C),
and Ru(phen)3 3+ (D) in acidic aqueous solution after the corresponding ruthenium(II) species was oxidised by (a) cerium(IV) sulfate or (b) lead dioxide.
Ruthenium(III) species monitored by absorbance at local maxima between 660 and
670 nm.
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Fig. 5. (a) Relative ECL intensities and (b) relative chemiluminescence intensities
(reagent oxidised with cerium(IV)), using FIA methodology. In each case the blank
was subtracted from the signal. Error bars show ± 1 standard deviation. See Section
2 for chemical and instrumental conditions.

the trends observed in the electrochemical studies in the previous
section. Compared to the effect on chemiluminescence detection,
the relative stability of the ruthenium(III) state of each complex
could be expected to have a much smaller inﬂuence on ECL detection, but the issue of background light emission due to reaction of
ruthenium(III) with the solvent will impact on both approaches.
3.4. Relative ECL and chemiluminescence intensities
The relative emission intensities for reactions between the four
[Ru(bipy)n (phen)3−n ]3+ complexes and the six analytes in aqueous
solution were examined (Fig. 5). No single complex produced the
greatest chemiluminescence or ECL intensities with all analytes,
and unlike several of the physical properties described above, the
intensities could not (in general) be correlated with the number (n)
of 2,2 -bipyridine ligands in the [Ru(bipy)n (phen)3−n ]2+ complex.
In the ECL experiments (Fig. 5a), Ru(bipy)3 2+ often provided intensities that were similar to, or greater than, those of the complexes
containing 1,10-phenanthroline. In the chemiluminescence experiments (Fig. 5b), the greatest emission intensity was often produced
by one of the heteroleptic complexes, although the enhancement
was generally less than 2-fold.
In both approaches, the complexes containing 1,10phenanthroline ligands provided superior emission intensities
with oxalate, which supports similar observations made by
previous research groups [10–12]. However, at least under the
conditions of our study, the extrapolation of this ﬁnding to the
more general statement [22,23,25,28] that Ru(phen)3 2+ is a more
sensitive reagent than Ru(bipy)3 2+ does not appear to be valid.
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Under similar conditions to those used in our study (acetate
buffer at pH 4.0 with codeine as a co-reactant), Michel
and co-workers reported ECL intensities for Ru(phen)3 2+ and
Ru(bipy)2 (phen)2+ of 85% and 253% (compared to Ru(bipy)3 2+ ) [31].
We obtained a comparable value for Ru(phen)3 2+ (57%), but not for
Ru(bipy)2 (phen)2+ (58%). Interestingly, the results for the chemiluminescence intensities (reaction with cerium(IV) and codeine)
were in better agreement (Ru(phen)3 2+ : 85%, Ru(bipy)2 (phen)2+ :
145%). Our results did not correlate well with those of Kim and
co-workers, who prepared the hexaﬂuorophosphate salts of the
[Ru(bipy)n (phen)3−n ]2+ complexes and found that the relative ECL
intensities (Pt electrode, phosphate buffer at pH 7.0, <20% CH3 CN),
with tripropylamine as a co-reactant were 100%, 133%, 162% and
194% (n = 3, 2, 1, and 0).
The greatest ECL signals with all four complexes were observed
for tripropylamine, DBAE and l-proline. DBAE was recently reported
to be a more effective co-reactant than tripropylamine, which the
authors attributed to the catalytic effect of the hydroxyethyl group
on the oxidation of the amine at the electrode surface [35]. Under
our conditions, the ECL intensity for DBAE with Ru(bipy)3 2+ was
124% of that for tripropylamine with the same reagent. However, the
chemiluminescence intensity of DBAE with Ru(bipy)3 2+ /cerium(IV)
was only 5% of that for tripropylamine (Fig. 5b). The ECL and chemiluminescence detection of l-proline has previously been found to
be most effective at a high pH of 9–10 [42,43]. The investigation of
chemiluminescence intensities with cerium(IV) as an oxidant were
limited to acidic solution (due in part to the limited solubility of the
oxidant at pH >3) and consequently the values for l-proline in Fig. 5b
were relatively low. Cerium(IV) is a commonly used oxidant for the
chemiluminescence detection of organic acids with Ru(bipy)3 2+ or
Ru(phen)3 2+ , and in this study the intensity for oxalate was found
to be high compared to the other analytes.
The relative chemiluminescence intensities for each analyte
with Ru(bipy)3 2+ after preliminary off-line oxidation of the reagent
with lead dioxide were also examined. The responses for codeine
and strychnine were over 400% of that using cerium(IV) as an oxidant, but the intensities for DBAE, tripropylamine, l-proline and
oxalate were between 8% and 38% of the corresponding signals
produced using cerium(IV) as the oxidant.
3.5. Signal-to-blank ratios and detection limits
Although the relative emission intensities provide one means
to compare the chemiluminescence and ECL reactions with different analytes or reagents, the signal-to-blank ratio provides a better
indication of the sensitivity of a complex for a particular analyte,
and a means to directly compare chemiluminescence and ECL signals from different instruments.

Fig. 6. Signal-to-blank ratios for the chemiluminescence and ECL detection of the
six analytes with Ru(bipy)3 3+ , with an analyte concentration of 1 × 10−5 M, using
FIA methodology.
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Table 3
Limits of ECL detection for six analytes using FIA methodology.
Reagent

Limit of detection (M)

Ru(bipy)3 2+
Ru(bipy)2 (phen)2+
Ru(bipy)(phen)2 2+
Ru(phen)3 2+

Codeine

Strychnine

TPA

DBAE

l-Proline

Oxalate

1 × 10−7
3 × 10−7
3 × 10−7
2 × 10−7

4 × 10−6
1 × 10−4
9 × 10−6
1 × 10−5

2 × 10−7
3 × 10−6
3 × 10−7
3 × 10−7

1 × 10−7
1 × 10−6
3 × 10−7
3 × 10−7

3 × 10−7
4 × 10−6
6 × 10−7
6 × 10−7

7 × 10−6
5 × 10−6
2 × 10−6
4 × 10−6

Table 4
Limits of chemiluminescence detection for six analytes using FIA methodology with two different methods of reagent oxidation.
Reagent (Ce(IV) as oxidant)

2+

Ru(bipy)3
Ru(bipy)2 (phen)2+
Ru(bipy)(phen)2 2+
Ru(phen)3 2+
Ru(bipy)3 2+ with PbO2 as oxidant

Limit of detection (M)
Codeine

Strychnine

TPA

DBAE

l-Proline

oxalate

2 × 10−7

3 × 10−6

4 × 10−7

5 × 10−6

4 × 10−6

2 × 10−7
3 × 10−7
3 × 10−7
2 × 10−7
3 × 10−8

3 × 10−7
1 × 10−6
3 × 10−7
3 × 10−9

4 × 10−6
4 × 10−6
4 × 10−6
7 × 10−8

The ECL blanks (the ECL responses for the reagents in the absence
of an analyte) for the four complexes were similar at pH 4.0, but
increased by a different amount as the pH was raised. The blank
at pH 9.0 was approximately 5-fold greater for Ru(bipy)3 2+ , and
∼20-fold greater for Ru(bipy)(phen)2 2+ and Ru(phen)3 2+ . Although
the blank for Ru(bipy)2 (phen)2+ was similar to the other complexes
in acidic solutions, at pH 7.5 and 9.0 it was over 200-fold greater
than the response at pH 4.0. The reason for this elevated response
was not established. The outcomes of these differences in blank
response were poor signal-to-blank ratios for Ru(bipy)2 (phen)2+ ,
and a signal-to-blank ratio for Ru(bipy)3 2+ that was approximately
twice that for either Ru(phen)3 2+ or Ru(bipy)(phen)2 2+ with all
analytes/co-reactants, with the exception of oxalate, for which the
signal-to-blank ratios for the [Ru(bipy)n (phen)3−n ]2+ complexes
containing 1,10-phenanthroline were signiﬁcantly greater (relative
response of 100%, 372%, 375% and 749%, for n = 3, 2, 1, and 0).
Similar to the ECL experiments, Ru(bipy)3 2+ produced the lowest
chemiluminescence blank responses. The relative blank responses
for the [Ru(bipy)n (phen)3−n ]2+ complexes using cerium(IV) as an
oxidant and a ﬂow rate of 3.5 mL min−1 (per line) were 100%,
299%, 415% and 113% for n = 3, 2, 1 and 0). The blank responses for
Ru(bipy)3 2+ oxidised with lead dioxide were over an order of magnitude lower than those for Ru(bipy)3 2+ oxidised with cerium(IV).
The signal-to-blank ratios for Ru(bipy)3 2+ using the three different
methods of oxidation are shown in Fig. 6.
Limits of detection (3) were calculated for ECL and chemiluminescence (Tables 3 and 4). For the compounds that had previously
been examined with Ru(bipy)3 2+ , the values were within the
previously reported range [3]. With ECL, the best limits of detection were found for DBAE and codeine using Ru(bipy)3 2+ . The
detection limits using the reagents containing 1,10-phenanthroline
were in general slightly poorer, with the exception of oxalate.
With chemiluminescence detection, the trends were dependent
on the mode of oxidation. When cerium(IV) was used, oxalate,
codeine and tripropylamine had similar detection limits, but the
values for the other analytes were an order of magnitude poorer.
Using lead dioxide, the limits of detection were clearly ordered:
codeine < oxalate < strychnine < tripropylamine < DBAE < l-proline.
4. Conclusions
(1) Although there are clear trends observed in the physical and
spectroscopic properties of [Ru(bipy)n (phen)3−n ]2+ complexes
as n is decreased from 3 to 0, the relationship between these
complexes and either chemiluminescence or ECL intensity with
a range of analytes is more complicated, due to the (sometimes

8 × 10−7
1 × 10−6
6 × 10−7
4 × 10−7

(2)

(3)

(4)

(5)

5 × 10−6
7 × 10−6
4 × 10−6
2 × 10−6

5 × 10−6
4 × 10−6
4 × 10−6
3 × 10−6

opposing) inﬂuence of parameters such as: (i) the rate that the
corresponding ruthenium(III) complexes react with the target
analyte and with water, which may be inﬂuenced by pH, oxidation potential, steric factors and the possible formation of
complexes between analytes and oxidant [cerium(IV)] in solution; (ii) the efﬁciencies of populating the excited 3 MLCT state
and the radiative transition; and (iii) the spectral distribution
and the relative photomultiplier tube response for those wavelengths.
The [Ru(bipy)n (phen)3−n ]2+ complexes containing 1,10phenanthroline ligands were found to be more vulnerable to
reaction with the aqueous solvent. Consequently, stable solutions of Ru(phen)3 3+ , Ru(bipy)(phen)2 3+ or Ru(bipy)2 (phen)3+
(at the same pH as the Ru(bipy)3 3+ solution) could not be
prepared by oxidising the corresponding ruthenium(II) complex with lead dioxide. In the other two approaches (on-line
oxidation with cerium(IV), and in situ electrochemical oxidation), the greater stability of Ru(bipy)3 3+ generally resulted in
lower blank signals, although this effect was less pronounced
with ECL, where the reagent is oxidised in the presence of the
analyte/co-reactant.
Although some previous studies of chemiluminescence or ECL
with ruthenium(II) complexes have focussed on comparisons
of emission intensity [10,14,15], this study shows the need for
the corresponding blank response and/or limits of detection to
be considered.
Our results support the previous observation that, compared
to Ru(bipy)3 2+ , Ru(phen)3 2+ provides greater ECL and chemiluminescence intensities with oxalate [10–12,16], which in some
circumstances translates to superior detection limits for this
analyte. However, our results do not support the subsequent
generalised statements that Ru(phen)3 2+ is a more sensitive
reagent than Ru(bipy)3 2+ . For several analytes, superior signalto-blank ratios were obtained with Ru(bipy)3 2+ .
The greatest signal-to-blank ratio for any particular analyte
and method of reagent preparation was normally no more
than 2-fold better than the values obtained with the other
three reagents. It is apparent that complexes containing 1,10phenanthroline can be used in many circumstances with
minimal loss of sensitivity. This alternative ligand is a useful scaffold for the development of new ECL labels [17,44].
Unlike Ru(bipy)3 2+ , Ru(phen)3 2+ interacts signiﬁcantly with
DNA through major groove binding and intercalation with base
pairs [45,46] and there is interest in Ru(phen)3 2+ and related
complexes for ECL-based examinations of DNA-drug binding
[47–49].
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(6) The mode of reagent oxidation had a much larger effect on
the relative emission intensities than changes in the number of
2,2 -bipyridine and 1,10-phenanthroline ligands in the reagent.
The mechanisms of ECL reactions involving Ru(bipy)3 2+ and
co-reactants such as oxalate and tripropylamine have been previously examined and the requirements for an intense emission
are to a certain extent understood [1]. However, in spite of
some empirical evidence [50], the inﬂuence of various chemical
oxidants on chemiluminescence reactions with ruthenium(II)
complexes is yet to be fully elucidated.
(7) Compared to the other analytes, strychnine produced a relatively poor signal-to-blank response with the ruthenium(III)
complexes generated by electrochemical oxidation or chemical oxidation with cerium(IV). However, the signal-to-blank
response with the Ru(bipy)3 3+ reagent prepared using lead
dioxide was far greater, and bettered only by that of codeine.
Both these alkaloids contain at least one tertiary amine
linked to benzene group by a rigid cyclic ring system. The
Ru(bipy)3 2+ /lead dioxide reagent system offers a sensitive
means for the detection of this analyte.
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