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Preface

Although the first experiments in electrogenerated chemiluminescence (ECL)
were carried out about 40 years ago, no comprehensive monograph devoted to
this field has appreared. This is very surprising, since ECL has entered the main-
stream of research and has found a number of applications. Numerous organic
and inorganic compounds have been shown to be capable of producing ECL and
the study of ECL reactions has provided useful insight into the mechanisms and
energetics of electron transfer reactions and electrogenerated intermediates. The
use of coreactants in ECL allowed practical analytical applications and also pro-
vided information about short-lived intermediates of the coreactant species. In
terms of applications, ECL is widely used in immunoassay, thanks largely to the
initial development efforts at IGEN, Inc., and now accounts for hundreds of mil-
lions of dollars in sales per year. Moreover, light emission in polymer and solid-
state electrochemical cells is actively being investigated and developed (often
without recognition of the ECL roots of such studies), with the promise of useful
light sources and displays. It is clearly time to publish this first monograph, which
provides comprehensive reviews of different aspects of ECL.

ditional topics and conclusions. Although some knowledge of electrochemistry

discussed at a level suitable for beginning graduate students.

iii
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Chapters 1–7 of this book present an overview and brief history of ECL
(Chapter 1), both the experimental (Chapter 2) and theoretical aspects of ECL
(Chapters 3 and 4), a review of the behavior of coreactants (Chapter 5), organic
molecules (Chapter 6) and metal chelates (Chapter 7). The other chapters are ded-
icated to applications: immunoassay (Chapter 8), other analytical uses, e.g. in

and physical chemistry is assumed, the key ideas are introduced in Chapter 1 and

chromatography (Chapter 9), and devices, such as systems for light production
and displays (Chapter 10). Finally there is a brief chapter containing several ad-



I would like to thank my many students, postdoctoral fellows, and col-
leagues, and the contributors, who have done so much to develop ECL. I also
thank Drs. David Hercules and Ed Chandross, two pioneers in this field, for their

and aesthetically pleasing phenomenon. It is a shame it has not yet found its way
into elementary general chemistry texts!

Allen J. Bard

Prefaceiv
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comments on Chapter 1. The future for ECL remains bright. It is an interesting
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1
Introduction

Allen J. Bard
The University of Texas at Austin, Austin, Texas, U.S.A.

I. BACKGROUND AND SCOPE

This monograph deals with light emission at electrodes in electrochemical cells
caused by energetic electron transfer (redox) reactions of electrogenerated
species in solution. A typical system would involve a solution containing
reactants A and D in a solution with supporting electrolyte, for example, MeCN
with tetra-n-butylammonium perchlorate (TBAP), in an electrochemical cell
with a platinum working electrode. The reaction sequence to generate an excited
state and light emission is:

A + e− → A− • (reduction at electrode) (1)

D − e− → D+ • (oxidation at electrode) (2)

A− • + D+ •→ 1A* + D (excited state formation) (3)
1A* →A + hν (light emission) (4)

where A and D could be the same species, e.g., an aromatic hydrocarbon such as
rubrene. The term electrogenerated chemiluminescence (ECL) was coined to
describe this class of reaction [1,2] and to distinguish it from other systems
where light is emitted from an electrode in electrochemical cells.

As pointed out in earlier reviews [3,4], light can be emitted during an
electrochemical reaction in a number of different ways, and reports concerning
such emission date back at least to the 1880s. These types of reactions are briefly
described below but are not considered within the class of ECL reactions and are
not dealt with further in this monograph.

1
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Scheme 1

A. Chemiluminescence Reactions

There are numerous chemical reactions where the decomposition of a species,
often triggered by reaction with oxygen or peroxide, results in the production of
excited states and emission [5]. The best known, e.g., those involving luminol,
luciginen, and oxalate esters, generate intense light and are the basis for consumer
products such as “light sticks.” Consider the luminol (5-amino-2,3-dihydro-1,4-
phthalazinedione) chemiluminescent reaction (R � NH2) shown in Scheme 1. This
chemiluminescent reaction is generally carried out in alkaline solutions by the
addition of hydrogen peroxide in the presence of an ion such as Fe2+, which
generates hydroxyl radical. The mechanism is complicated and leads to destruction
of the luminol starting material, with the emitter, the excited phthalate, completely
different than the starting material. One can generate chemiluminescence in an
electrochemical cell, for example by generating peroxide by the reduction of
oxygen or oxidizing luminol [6,7]. Although this reaction can be useful, for
example in imaging reactions at electrodes [8], it is not the type of reaction
considered in this volume. Perhaps it would be useful to classify these in a more
general class as electrochemiluminescence.

B. Glow Discharge Electrolysis

If electrolysis is carried out with a small electrode, e.g. the anode, and very high
current densities (and high voltages) are applied, the evolution of gas (e.g.,

Bard2
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oxygen at the anode) forms a gas layer that separates solution from the electrode.
At higher applied voltages, breakdown occurs in the gas film, leading to a glow
discharge and emission of light [9]. This phenomenon is closely related to gas
discharge and also occurs when one of the electrodes in the cell is moved into the
gas phase above the liquid [10]. The emission of light results from ion–radical
and electron–radical reactions that have been widely studied in gas-phase
chemiluminescence [5].

C. Electroluminescence

There are several mechanisms by which light is emitted in solids, usually
semiconductors or insulators [11]. Dielectric breakdown, similar to the glow
discharge phenomenon that occurs in gases, can produce light emission. This
involves rather high electric fields. Another high-field form of luminescence in
solids is related to cathodoluminesence, which occurs when cathode rays (beams
of electrons) strike a phosphor, as in cathode ray tubes in oscilloscopes. In this
case the electron beam behaves as an excitation source, like the ultraviolet
excitation beam in fluorescence, and causes excitation via electronic transitions
in the solid material. This mechanism, sometimes called acceleration–collision
electroluminescence [11], occurs in many electroluminescence (EL) devices,
such as those with ZnS, where electrons injected into the conduction band are
accelerated by the applied electric field and cause excitation of activator centers
produced by doping of the ZnS.

An EL process that is closer to ECL is one that involves electron–hole
recombination in the solid following injection of carriers (sometimes called
injection electroluminescence). This is the process responsible for light emission
at suitable p-n junctions in light-emitting diodes (LEDs), for example, those of
GaAs. This process can also occur at semiconductor electrodes in
electrochemical cells. For example, when an electrode of ZnS doped with Mn
immersed in a solution containing peroxydisulfate (S2O8

2�) passes cathodic
current, fairly intense light emission centered at about 580 nm is observed [12].
This emission results from injection of electrons into the conduction band of the

reduction of the S2O8
2� and in turn the production of the strong oxidant,

SO4
�•. The latter can inject a hole into the valence band of the ZnS:Mn, resulting

in electron–hole recombination and emission. This process is formally the same
as the use of S2O8

2� as a coreactant in ECL systems as described below and in

and also with thin oxide films on metals such as Ta and Al. These are considered

Introduction 3
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Chapter 5. This same EL process occurs with many semiconductor electrodes

briefly in Chapter 11.

ZnS:Mn, as shown schematically in Figure 1. The passage of current leads to the



II. HISTORY OF ECL

A. Background

To understand how ECL experiments arose in the middle 1960s, it is useful to
consider the scientific environment that existed at the time, especially with
respect to the electrochemistry of organic compounds and to studies of radical
ions. The state of organic electrochemistry in the 1950s was quite confused. The
problem was that most studies were carried out in aqueous and partially aqueous
solutions (e.g., mixtures of water with ethanol or dioxane to improve solubility)
[13]. Water has the disadvantage of having a limited range of available potentials
before it is oxidized to oxygen or reduced to hydrogen (i.e., it has a small
potential window). Moreover, water shows reasonable acidic and basic
properties so that proton transfer reactions are frequently coupled to electron
transfers in this solvent. The result was that many of the electrode reactions
showed waves resulting from the addition of two or more electrons. For example,
the reduction of anthracene was described as a two-electron, two-proton
reduction leading to 9,10-dihydroanthracene as the product. Moreover, many
oxidation reactions of organic compounds were described in terms of adsorbed
intermediates, with reactions like the Kolbe reaction being very popular [14].
Radical ions were not thought of as the usual intermediates, because the
prevailing concepts of organic chemistry at the time were based largely on
“pushing” electron pairs, in contrast to the currently accepted idea of electrode
reactions generally proceeding in elementary steps involving single electron
transfer.

The situation began to change with the introduction of the use of aprotic
solvents such as MeCN [15]. MeCN has a large potential window, which

Bard4

Figure 1 Electroluminescence of ZnS electrode immersed in a 0.2 M Na2SO4 solution
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containing 0.2 M ammonium peroxydisulfate. (See Ref. 12). 



allows difficult oxidations and reductions to be examined. Many organic
compounds show reasonable solubility in MeCN, and the solvent itself has
negligible acid and base properties. A problem with the early studies with
MeCN, however, was that the solvent was often contaminated with small
amounts of water (and sometimes oxygen), so that even with this solvent,
electrogeneration of radical ions was not noticed [16]. However, with the advent
of electrochemical cells that could be used on vacuum lines or in glove boxes,
with highly purified and degassed solvents and electrolytes, electrochemical
experiments showed that reduction of many aromatic hydrocarbons led to rather
stable radical anions and that oxidations produced radical cations. (For reviews

resonance to the study of electrogenerated radical ions, which showed that they
were the same as those prepared chemically, was also important in proving the
ready production of these species at electrodes [18]. Thus, by the early 1960s,
there was a good deal of interest in the electrogeneration of aromatic
hydrocarbon radical ions in aprotic solvents such as MeCN, DMF, and DMSO
and in understanding their behavior. At the same time there was increased
interest by the Office of Naval Research and the Army Research Office in
chemiluminescence for possible military applications such as wide area markers.
Conferences involving some of this work were held at Duke University in 1965
and at the University of Georgia in 1972 [5].

B. Early ECL Experiments

and the first experiments in this area can be found in several early reviews by the

experiments involving radical ions used radical anions prepared chemically and
reacted with different oxidants [22]. The experiments involved light emission
when the radical anion of 9,10-diphenylanthracene (DPA), produced by
reduction with potassium in THF, reacted with the 9,10-dichloride of DPA
(DPACl2), Cl2, benzoyl peroxide, and several other species. Chandross and
Sonntag [22] point to a desire to study the cation radical of DPA as an oxidant
but their inability to prepare solutions of this chemically. They also refer to a
private communication that DPA cations readily undergo internal cyclization
(which later work would demonstrate to be untrue). This work also mentions
unpublished experiments by G. J. Hoytink at the University of Amsterdam in
attempts to study the reaction between chemically generated anthracene radical
anions and cations. The instability of the radical cation of anthracene, as shown
in later ECL experiments [23], made the results of these experiments “very
doubtful” [19], and they were never published. Then, within the next six

Introduction 5
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key groups in the area at the time [4,19–21]. The earliest chemiluminescence

A time line showing various events in the development of ECL is given in Figure
2. A good historical perspective of the discovery of radical ion annihilation ECL

of this early work, see, e.g., Refs 17a–c.) The application of electron spin



months, three papers describing the electrochemical generation of radical ion
species and light emission appeared [24–26]. Hercules [24] used Pt electrodes in
MeCN or DMF solutions and showed emission of light with a number of
hydrocarbons, including DPA, anthracene, and rubrene when the electrode
potential was cycled at frequencies up to 10 Hz and also when a dc current was
applied to two closely spaced Pt electrodes. No detailed electrochemical or
spectroscopic results were reported with visual detection of the emitted light. The
radical ion annihilation reaction was suggested, but considered not consistent
with all of the experimental results reported. In Refs 25 and 26 cyclic
voltammetric evidence was reported in an attempt to understand better the
reaction mechanism with DPA. The results suggested that either the radical
cation or other oxidants could be generated during cyclic electrochemical steps
and result in light emission. The potentials needed to generate the light were
shown to be those at which cathodic and anodic processes occur at potentials
sufficient to form the singlet excited state. Patents on ECL were applied for on
July 13, 1964 [27] and August 18, 1964 [28].

Bard6

Figure 2 Time line of ECL.
1964–1965: First experiments  [24–26]
1965: Theory [30].
1966: Transients [31].
1969: Magnetic field effects [29].
1972: Ru(bpy)3

2� [38].
1977: Oxalate [39].
1981: Aqueous [40].
1982: Ru(bpy)3

2� polymer [46].
1984: Ru(bpy)3

2�label [43].
1987: TPrA [41–42].
1989: Bioassay [44,45].
1993: Ultramicroelectrodes [34].

Copyright © 2004 by Marcel Dekker, Inc.



Within the next few years the list of ECL emitters was extended to include
many more hydrocarbons and heterocyclic molecules, such as substituted
isobenzofurans and carbazoles. From the beginning, the energetics of the
annihilation reaction compared to the energy of the emitting singlet state were
considered. Those cases where the energy was significantly smaller were
attributed to the formation of triplets followed by triplet–triplet annihilation
(TTA), a process known to occur with optical excitation (delayed fluorescence):

A�• + D+•→3A* + D (excited triplet formation) (5)
3A* +3A*→1A*  A (triplet–triplet annihilation) (6)
1A*→A  hν (light emission) (7)

In studies of these processes, species were added to solutions of the aromatic
hydrocarbon to produce a cation radical that was significantly less oxidizing than
the aromatic hydrocarbon cation radical. Similar experiments were carried out
with species with less reducing anion radicals reacting with aromatic
hydrocarbon cation radicals. The mechanism was also probed by studying
magnetic field effects [29]. The generation of excimers (A2*) and exciplexes
(AD*) during the ion radical reaction was also studied.

A�• A• → A2* (excimer formation) (8)

A�• D• → AD* (exciplex formation) (9)

Details about this work and later investigations of organic species in ECL are

Other issues involved “preannihilation ECL,” with which weak light was
observed in solutions of the aromatic hydrocarbon even when the applied
potentials were significantly smaller than those needed to generate both ion
radicals, and the question of whether direct excitation at an electrode, for
example by electrochemical oxidation of the anion radical, was possible.

C. Theoretical Studies

Approaches to a theoretical understanding of the ECL response, in terms of the
reasons both for excited state formation and for the shape of the electrochemical
ECL transients, followed soon after the first experiments. ECL actually provided
the first evidence of the Marcus inverted region, where generation of the excited
state rather than the energetically more favored ground state was seen [30]. This

the diffusion and kinetic processes involved in the generation of reactants at a
single electrode by potential steps and the presentation of an analysis to
distinguish between direct formation of the singlet state and triplet–triplet

Introduction 7
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considered in Chapter 6.

work and later developments are described in Chapter 4. A digital simulation of



experimental studies that used this approach appeared. One major motivation in
these kinds of simulation studies was the desire to measure the rate constant of
the radical ion annihilation reaction. However, the rate of this reaction was found
to be too fast (compared to the rate of diffusion) to be measured by this technique
with the electrodes and instrumentation available at that time. Similarly, studies
with the rotating ring-disk electrode (RRDE), which allow steady-state, rather
than transient, measurements under faster mass transfer (convective) conditions,
were not successful in determining this rate constant [32,33]. This rate constant
(2 × 109 M�1 s�1) was finally measured electrochemically by use of an
ultramicroelectrode (radius 5 µm) and a frequency of 20–30 kHz for generation
of DPA ECL [34].

D. Metal Chelate ECL

The photoluminescence of Ru(bpy)3
2� was reported in 1959 [35] and its

spectroscopy was studied rather extensively in the late 1960s [36]. Ru(bpy)3
3�

in aqueous solution (formed by treatment of the 2� form with PbO2)
chemiluminesced when a solution in 9 N H2SO4 was treated with 9 N NaOH
[37]. The ECL of this species in MeCN solution was reported in 1972 [38] and
ascribed to the reaction sequence

Ru(bpy)3
2� � e → Ru(bpy)3

3� (oxidation during anodic step) (10)

Ru(bpy)3
2� � e → Ru(bpy)3

� (reduction during cathodic step) (11)

Ru(bpy)3
� � Ru(bpy)3

3� → Ru(bpy)3
2�* � Ru(bpy)3

2� (12)

Ru(bpy)3
2�* → Ru(bpy)3

2 � hν (13)

Details about this reaction system, which has been studied extensively, and other

E. Aqueous ECL Systems

The discovery of ECL with the water-soluble Ru(bpy)3
2� suggested that

aqueous ECL was a possibility, especially because it was also known that
Ru(bpy)3

3� was reasonably stable in aqueous solution. The problem,
however, was that the potential window of water is rather small compared to
that in aprotic solvents such as MeCN [thermodynamically 1.23 V, but
practically somewhat larger, depending on the electrode material, because
of kinetic (overpotential) effects], so that it is difficult to generate
cathodically a reductant suitable for ECL. What was needed was a water-
soluble species that could generate the reductant for reaction with

Bard8
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annihilation appeared [31]. This work is discussed in Chapter 3. Several

metal chelate systems, are discussed in Chapter 7.



Ru(bpy)3
3� by oxidation rather than by reduction. Such a species has

become known as a coreactant. Although species that could serve as
coreactants in nonaqueous solvents, such as benzoyl peroxide, were known
from earlier work, they weren’t suitable for aqueous solutions. The
discovery that oxalate anion would behave as a coreactant via the reaction
sequence

C2O4
2� � e → CO2

�• � CO2 (14)

Ru(bpy)3
3� � CO2

�• → Ru(bpy)3
2�* � CO2 (15)

meant that ECL could be generated simply by oxidizing Ru(bpy)3
2� and oxalate

in a mixture [39]. Coreactants in ECL for both nonaqueous and aqueous

The aqueous Ru(bpy)3
2�/oxalate system, with intense emission

(maximum at pH 6) that was the same as that for photoexcitation, was described
in 1981 [40]. Since that study, many other Ru- and Os-based chelates have been

coreactant for Ru(bpy)3
2�, tri-n-propylamine (TPrA), at pH values near 7 was

found a few years later [41,42]. 

F. Analytical Applications

From the beginning there was interest in using ECL as an analytical method,
with demonstrations of the linearity in emission and concentration [1]. However,
there was not much interest in determination of hydrocarbons under the
restricted solution requirements needed for stable and reproducible ECL. The
advent of aqueous ECL, however, especially the discovery of coreactants,
changed the picture. Because different coreactants such as oxalate, pyruvate, and
other organic acids would all react with Ru(bpy)3

3� to produce emission [40],
analytical applications of ECL, e.g., in chromatography, now became possible.
The Ru(bpy)3

2� system became the basis, for example, of sensitive
chromatographic determination of amines [41]. These kinds of applications are

A different type of analytical application uses Ru(bpy)3
2� or other ECL

active emitter as a label (or tag), usually on a biologically interesting molecule
such as an antibody (replacing radioactive or fluorescent labels). The sensitivity
of Ru(bpy)3

2� ECL determinations is high, down to picomolar levels, and the
linearity of response with concentration is good [43]. ECL has an advantage over
fluorescent labels in that it does not require a light source and is free from effects
of scattered light and fluorescent impurities in the sample. ECL has thus been
used commercially for immunoassay and DNA analysis [44,45], as discussed in

Introduction 9
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solutions are discussed in Chapter 5.

studied (see Chapter 7) and many other coreactants used. A more efficient

discussed in Chapter 9.

Chapter 8.



G. Other Applications

From the earliest days of ECL there was interest in using this phenomenon for
lighting, displays, lasers, and up-conversion devices. Work in this area was
carried out at several laboratories, including Bell Canada-Northern Electric,
Westinghouse, Battelle-Geneva, and Philips. Much of this work was motivated
by the possibility of producing an active (light-emitting) display, because it
predated the appearance of solid-state LEDs. This early work did not lead to
commercial devices, perhaps because the operating life was not adequate and
also it was difficult at the time to encapsulate liquids. However, ECL was also
observed in polymer films, such as a film of polymerized Ru(bpy)3

2� and
poly(vinyl-9,10-diphenylanthracene [46,47]. Polymeric and solid-state light-
emitting electrochemical cells (LECs) have been investigated in recent years and

III. ELECTROCHEMISTRY FUNDAMENTALS FOR ECL

The following is a brief overview of the electrochemical concepts needed to
understand the basics of ECL. For more complete treatments of electrochemical
methods, a number of textbooks and monographs are available [48].

A. Electrode Potential

The standard potential, E° (A,A�•), of the electrode reaction

A � e s A�• (16)

is measured with respect to a given reference electrode, based on a redox pair O/R

O � e s R (17)

and represents the Gibbs free energy, ∆G°, of the reaction

A � R s A�• � O (18)

For aqueous solutions, the standard reference electrode is the H�, H2 couple,
with all reactants at unit activity. For practical purposes, other reference
electrodes such as AgCl, Ag, or the saturated calomel electrode (SCE) are
usually employed [48]. For nonaqueous solvents such as MeCN and DMF, the
reference redox couple is usually the ferrocene (Fc), ferrocenium (Fc�) couple.
When measuring the difference of potential between two redox couples, as
discussed below, the nature of the reference electrode is unimportant (as long as

Bard10
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its potential remains constant), so that a quasi reference electrode, such as a
silver wire immersed in the solution, can sometimes be used.

The potential of the couple represents the energy needed at equilibrium to
add an electron to A or to remove an electron from A�•. The more negative the
potential, the more difficult it is to reduce A or the easier it is to oxidize A�•. A
molecular orbital (MO) picture of the process is shown in Figure 3, where one
can identify the energy as that needed to place an electron in the lowest
unoccupied MO (LUMO) of A.

Similarly, the standard potential, E °(D�•,D), of the electrode reaction

D�• � e s D (19)

represents ∆G° for the reaction

D�• � R s D � O (20)

with respect to the reference electrode O, R. The potential represents the energy
needed to remove an electron from D or to add an electron to D�•. The more
positive the potential, the more difficult it is to oxidize D or the easier it is to
reduce D�•. The MO picture of this oxidation shown in Figure 3 identifies this
potential as that needed to remove an electron from the highest occupied MO
(HOMO) of D.

Introduction 11

Figure 3 Molecular orbital representation of reduction and oxidation.
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Of interest in ECL is the ∆G° of the reaction

D�• � A�•
s D � A (21)

which is given by

∆G° � �FE°rxn (22)

E°rxn � E° (D�•,D) � E° (A, A�•) (23)

The reaction entropy, ∆S°, can be calculated from the temperature coefficient of
the reaction potential:

(24)

For ECL reactions, ∆G° is typically in the range of 2–3 eV (193–289 kJ/mol) and
T ∆S° is small, � 0.1 eV.

B. Cylic Voltammetry (Potential Sweeps)

As a prelude to ECL studies, one usually investigates the electrochemical
characteristics of the system, and cyclic voltammetry (CV) is a powerful tool for
a fast overview [48]. The experimental setup for these experiments is discussed

solution of the compound(s) of interest in a solvent and supporting electrolyte of
choice at an inert electrode, typically Pt, as the potential of the electrode is swept
with time at a scan rate ν. The resulting voltammogram shows characteristic

well-behaved system, i.e., one where the electron transfer reactions at the
electrode are rapid (nernstian systems) and the products of the reactions, e.g., the
ion radicals, are stable, an analysis of the waves yields the E° values. Typically,
for a one-electron reaction (n � 1) where the reactant and products have
essentially the same diffusion coefficients (D),

. (25)

where Ep is the peak potential and the positive sign applies to the cathodic
(reduction) process and the negative sign to the anodic one (i.e., E° is slightly
smaller in magnitude than Ep. One can also obtain the D value (in square centimeter
per second) from the peak current ip (in amperes), when the concentration of
reactant, C* (in moles per cubic centimeter), is known, from the equation
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in Chapter 3. Typically one obtains a current–potential (i vs. E) curve in a

peaks showing the reduction and oxidation processes in the system (Fig. 4). In a



ip � (2.69 � 105) ADC*ν1/2 (26)

where A is the electrode area (cm2) and ν is in volts per second. The stability
of the products can be assessed from the CV waves. The existence of waves
on scan reversal demonstrates that the product, e.g., A�•, formed by reduction
of A, is reoxidized on the reverse scan. If A�• were unstable in the time it
takes to traverse the wave at v, the reverse wave would be absent (and the
cathodic wave would be shifted to less negative potentials).

C. Potential Steps

During ECL experiments, the potential is often stepped (rather than swept)
between potentials where the redox processes occur. A first potential step
from a potential where no reaction occurs to one well beyond Ep, e.g., where
reaction (1) occurs, produces a current i that decays with time t and follows
the Cottrell equation,

i � FAC*D1/2/(πt)1/2 (27)

The current decay with t�1/2 represents a growing diffusion layer of formed
product, A�•. A step toward positive potentials to the region where reaction
(2) occurs is more complicated, because it involves oxidation of both A�• and
D and the occurrence of reaction (3), and has been treated by digital
simulation [31].

Introduction 13

Figure 4 Typical cyclic voltammogram for a species (PM 567 – structure shown) that
involves formation of stable reduced and oxidized forms. (From Ref. 66.)
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IV. SPECTROSCOPY/PHOTOCHEMISTRY FUNDAMENTALS
FOR ECL

The following is a brief overview of some of the principles needed to understand
the luminescent processes of importance in ECL. A number of monographs
cover these in detail [49,50]. 

A. Energy Levels

One usually represents the various energy states available to a molecule by an
energy level diagram like that in Figure 5, which shows the electronic and
vibrational (but not rotational) states. The electronic energy levels can be related

Bard14

Figure 5 Representation of energy levels and molecular orbitals during the absorption
and emission of radiation.
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to the molecular orbitals (HOMO and LUMO) of the molecule. Shown in this
diagram is the lowest, singlet, electronic state of the molecule (the ground
state), S0, where the electrons are paired in the same HOMO. The multiplicity,
singlet or triplet, of a state is given by 2s � 1, where s is the spin quantum
number, so when s � 0 (electrons paired), the multiplicity is 1. The first excited
singlet state, S1, and the lowest triplet state, T1(with two unpaired electrons, s �
1), are also shown on the diagram. Not shown are higher electronic excited
states, S2, T2, …, that are usually not of importance in ECL processes. The
vibrational levels for each of the states are numbered v � 0, 1, 2,….

It is of interest to consider the lifetime of a molecule in different states.
The lifetime of an excited vibrational state in solution is in the picosecond
regime, because energy can be easily transferred to the solvent. Thus excited
vibrational states, as illustrated in the S1 level, rapidly decay to the v � 0
vibrational level. The radiative lifetime of the excited singlet state, S1, for
organic molecules is typically of the order of nano seconds, but that of a triplet
state is much longer, often in the millisecond to second regime, because
radiational transitions to the ground S0 state are “forbidden.” However, the
radiative lifetimes of triplet states of metal chelates are much shorter, because
the presence of the heavy nucleus can promote spin–orbit coupling. Thus the
triplet charge transfer excited state of Ru(bpy)3

2� emits with a lifetime of less
than 1 µs.

Introduction 15

Figure 6 The absorption (solid line) and emission (dashed line) spectra of PM 567.
(From Ref. 66)
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B. Photoluminescence

Emission of light results from transitions between excited states and the ground
states. The absorption from S0 to S1 involves transitions from the ground
vibrational state, v � 0, of S0 to various vibrational levels in S1

of S1 to the different vibrational levels of S0 (Fig. 5), resulting in the emission
band (Fig. 6). The energies of the emission band are lower (shifted to longer
wavelengths or red-shifted) compared to the absorption band as shown in
Figure 6. There is a difference in energy between the absorption and emission
bands for the transition between the v � 0 states, the so-called 0,0 band. This
difference, known as the Stokes shift, is the result of the optical transitions
being essentially instantaneous (~10�15 s), so that no structural or solvation
changes occur during the transition. Thus during excitation, the transition is
from a ground-state structure to an excited state structure of the same
configuration. However, the excited state, because of the different electronic
configuration, can undergo some structural changes, for example,
reorientation of solvent, to relax to a lower energy state. Emission from this
state then occurs to a ground state that has the configuration of the excited
state (which then relaxes to the original ground state). The energy of the
singlet transition can be estimated from the spectra, for example, as the
average of the energies of the 0,0 bands for excitation and emission, if they
are discernible, or sometimes from the wavelength, λ where the excitation and
emission bands cross, by the formula

(28)

Emission from the triplet state results in phosphorescence. This is rarely
seen for organic molecules in solution, because these molecules are readily
quenched by solution species before emission. Oxygen, because it is a triplet
molecule, is an effective triplet quencher. Emission from triplet states is found,
however, with metal chelates, which have much shorter emission lifetimes than
organic molecules. The triplet states can produce excited singlets, a type of
energy up-conversion, by triplet–triplet annihilation (TTA), Eq. (6). This is
observed spectroscopically as delayed fluorescence. In such an experiment a
species is excited by pulse irradiation to the S1 state, but observation of the
emission is delayed until all of the S1 states have decayed either by radiating to
the ground state or by radiationless processes such as intersystem crossing to
the T1 state. Observation of S1 emission after such a delay results from
conversion of the triplets to excited singlets. Note that in spectroscopy some
singlet states, for example, 9,10-diphenylanthracene, have close to 100%
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(Fig. 5), resulting
in the observed absorption band (Fig. 6). Emission occurs from the v � 0 state



efficiency for radiation to the ground state, with very few triplets formed by
intersystem crossing. In this case delayed fluorescence is not observed.
However, with such systems, triplets can be formed in ECL by adjustment of
the energetics of the annihilation reaction, where TTA is then observed. Thus
states are sometimes accessible in ECL that are not available spectroscopically.

C. Quenching

An excited state can be quenched by another molecule (a quencher, Q) to
produce the ground state, i.e.,

D* � Q → D � Q* (27)

where Q* can often decay to the ground state without emission. Quenching can
occur by either energy transfer or electron transfer. Energy transfer, sometimes
called Förster transfer, is favored by the electronic energy of D* being greater
than that of Q* and a large overlap of the emission band of D* with the
absorption band of Q. The energy transfer occurs by a direct electrodynamic
interaction between D* and Q and occurs at short distances between the reactants
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Figure 7 Molecular orbital representation of electron transfer quenching.
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[49]. Electron transfer quenching occurs because the excited state is easier to
oxidize and easier to reduce than the corresponding ground state of the same
molecule, by an amount essentially equal to the excitation energy of the
molecule. Thus, if the reduction of A, Eq. (16), occurs with E° (A,A�•), the
reduction of A* occurs at E° (A,A�•) � E*, where E* is the excitation energy of
A. For example, if the ground state is reduced at �1.0 V and the excitation
energy is 2.5 eV, the excited state would be reduced at �1.5 V. This can be
rationalized by the greater ease of introducing an electron into the unfilled
HOMO of the excited state rather than into the LUMO of the ground state.
Similarly, oxidation of the excited state occurs at E° (D�•, D) � E*. Thus,
excited states can be quenched rather easily by an electron transfer process, as

of a quenching reaction, Eq. (27), is governed by the Stern–Volmer equation

(28)

where ϕ0 and ϕ are the fluorescence efficiencies and R0 and R are the
fluorescence responses in the absence and presence of a quencher at concentration
[Q], respectively, kQ is the rate constant for quenching, and τ0 is the lifetime of the
excited state in the absence of a quencher.

Metal electrodes can similarly act as quenchers by either energy transfer or
electron transfer processes. The energy transfer mode is analogous to Förster transfer and
results from coupling of the oscillating field of the excited dipole to the surface plasmon
modes of the metal [51,52]. Quenching by electron transfer follows the same arguments
as those given above for redox quenching by a solution species [53]. The effective
quenching by metals has been invoked as an argument against direct formation of
excited states at metal electrode surfaces, e.g., by reduction of a cation radical at a
sufficiently negative potential. Semiconductor electrodes are less effective quenchers

V. FUNDAMENTALS OF ECL

The main ideas and reactions in ECL have been described in the preceding sections, e.g.,
in Eqs. (1)–(8). The basic requirements for efficient annihilation ECL to occur are (1)
stable radical ions of the precursor molecules in the electrolyte of interest (as
seen in the CV response), (2) good photoluminescence efficiency of a product of
the electron transfer reaction, and (3) sufficient energy in the electron transfer
reaction to produce the excited state. When these criteria are met, ECL will
usually be observed, although the efficiency often depends upon details of the
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than metals, so direct production of excited states is possible at these (Chapter 11).

kinetics of the reaction (Chapter 4).

shown in Figure 7, so that the radical ions are effective quenchers. The kinetics



A. Energy Requirements

The energy of the electron transfer reaction governs which excited states are
produced. Because the excitation energy is fundamentally closest to a
thermodynamic internal energy, the usual energy criterion for production of an
excited singlet state of energy ES (in electronvolts) is

�∆H0 � E° (D�•,D) � E° (A,A�•) � T ∆S0 	 ES (29)

The value of T ∆S0 is usually estimated as 0.1 (�0.1) eV [54–60]. Frequently the
criterion is given based on CV peak potentials (in volts) at T � 298 K as [54]

Ep (D�•,D) � Ep (A,A�•) � 0.16 	 ES (30)

[see Eq. (25)]. Such reactions are sometimes called “energy sufficient,” and
the reaction is said to follow the S route.

When �∆H0 	 ET, the reaction energy can produce the triplet state at
energy ET, with excited singlet production occurring through TTA. Such
reactions are said to follow the T route. Sometimes, both excited singlets and
triplets are formed in significant amounts in the annihilation, in a reaction said
to follow the ST route. When the reaction produces excimers or exciplexes,
Eqs. (8) and (9), it is said to proceed by the E route.

B. Coreactants

Establishing the energetics of ECL reactions that occur with coreactants is
more difficult, because the energies of the reactive intermediates, such as
CO2

�•, may not be known. However the fundamental principles are the same
as with annihilation reactions in terms of the energy of the electron transfer
step, e.g., Eq. (15). A number of coreactants for ECL have been investigated.
For example, tri-n-propylamine (TPrA) has been used in the oxidative ECL of
Ru(bpy)3

2� [41,42]. The proposed mechanism of this species involves
ultimate generation of a radical that acts as the reductant with the
electrogenerated Ru(bpy)3

2�.

Ru(bpy)3
2� � e�→ Ru(bpy)3

3� (31)

Pr2NCH2CH2CH3 � e�→ Pr2NCH2CH2CH3
� (32)

Pr2NCH2CH2CH3
� •→ Pr2NC•HCH2CH3 � H� (33)

Ru(bpy)3
3� � Pr2NC•HCH2CH3 → Ru(bpy)3

2�*

�Pr2NC�H2CH2CH3 (34)

The oxidation of TPrA can occur by reaction directly at the electrode as shown
in Eq. (32) or by reaction with Ru(bpy)3

3�. The overall path of the TPrA
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coreactant system depends upon the electrode material and solution
concentrations and can be quite complicated, involving the generation of

Species that form strong oxidants upon reduction can also serve as
coreactants. For example, the reduction of S2O8

2� proceeds as follows:

S2O8
2� � e → SO4

2� � SO4
�• (35)

where SO4
�• is a strong oxidant that can react with Ru(bpy)3

� or anion radicals
to produce the excited state [62].

C. Monolayers and Films

In addition to studies of solution-phase species, ECL has also been observed in
monolayers on electrode surfaces and in various types of films. For example, a
monolayer of a surfactant derivative of Ru(bpy)3

2� (i.e., one containing a C18

chain linked through an amide link to a bipyridine) on Pt, Au, or ITO electrodes
showed ECL when oxidized in the presence of oxalate as a coreactant [63].
Similarly, a film of a Ru(bpy)3

2� surfactant can be formed at the air/water
interface and contacted (transferred) by the horizontal touch method with an ITO
or HOPG electrode and the ECL observed on the Langmuir trough [64,65]. ECL
active layers on the surface of beads or electrodes form the basis of the ECL

ECL and are the basis of light-emitting devices. This work is discussed in
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2
Experimental Techniques of
Electrogenerated
Chemiluminescence

Fu-Ren F. Fan
The University of Texas at Austin, Austin, Texas, U.S.A.

I. INTRODUCTION

This chapter discusses experimental techniques used in electrogenerated
chemiluminescence (ECL). It merely introduces some mechanistic pictures and
chemical aspects required for illustration, so that the goal and the nature of
experimentation can be appreciated. The topic has been extensively studied and
thoroughly reviewed [1–3], and there are also a few commercial instruments
available on the market, (e.g., IGEN, Boehringer, etc.; also see the discussion in

in conventional ECL measurements. Readers who are interested in detailed

are some combined techniques, including magnetic field effects, interception
techniques, and an up-to-date account of the newly developed combined
techniques, thus, interested individual investigators may appreciate the design of
ECL-related techniques for their specific applications.

II. APPARATUS AND TECHNIQUES

Several questions are often raised in ECL experiments: What is the efficiency of
the luminescence emission? How efficiently does excitation occur in charge
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Chapter 8), so we mainly focus on some of the experimental aspects encountered

discussion on the early works are encouraged to refer to Refs. 1–3. Also included



transfer? How do efficiencies change from system to system or from one
medium to another? Where do key energy losses occur, and how can they be
circumvented? Quantitative questions like these require careful and quantitative
experimental approaches. Much of the difficulty in experimentation arises from
the fact that one can rarely find a solvent in which both anion and cation radicals
of any system are completely stable even over a short time domain (e.g., a few
minutes). Anions are generally stable in DMF, but cations are often less stable;
the opposite is true for acetonitrile. One thus must seek techniques that permit
generation and reaction of the radicals on a time scale that is short compared to
ion decay times. Electrochemical (EC) techniques are frequently used because
they allow sequential or simultaneous generation of reactants on time scales
ranging from nanoseconds to hours and because theoretical treatment of
diffusive or convective transport permits analysis of reaction rates. In addition,
careful control of the generating electrode’s potential gives excellent selectivity
in ion production compared to other techniques. In a sense, ECL is similar to a
photoexcitation (e.g., fluorescence) method; however, it has the advantage that a
light source is not used, so that scattered light and interferences from emission
by impurities are not problems. The price for electrochemical control and
versatility is the acceptance of complex reactant distributions and, sometimes,
low light levels. However, with currently available techniques for the detection
of low light intensity on the time scale of nanoseconds (e.g., by single-photon
counting methods) and powerful digital simulation methods, these difficulties
seem not intractable, and electrochemical methods have been established as
valuable quantitative, as well as qualitative, tools.

A. Electrochemical Media and Cell Design

The solvent-supporting electrolyte systems should be chosen for their lack of
reactivity with the electrogenerated species, their wide potential limits, their high
solubility for the compound to be studied, and their good conductivities. Typical

The purity of the medium is important in determining both the quality of the
electrolytic background and the stabilities of the ECL reactants, hence special
attention must be paid to it.

The usual supporting electrolytes, TBAP or TBABF4, can be purchased
from SACHEM as “electrometric grade” reagent. They can be used as received,
but recrystallization [4] is sometimes required. Both electrolytes are hygroscopic
and must be dried in vacuo for 24–48 h at 90–100°C. The dried lots should be
kept over P2O5 or Mg(ClO4)2 in a desiccator or in a dry box (e.g., Vacuum
Atmosphere Corp.).

Fan24
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systems used and the approximated useful potential ranges are shown in Table 1.



Table 1 Solvent-Supporting Electrolyte Systems Used in ECLa

Solvent Supporting Potential rangec Remarksd

electrolyteb (V vs. SCE)

Acetonitrile TBABF4, �2.8 to �2.8 Good stability for both
TBAP, radical anions and 
TEAP, cations; potential range  
TBAPF6 strongly depends  upon

purification
Benzonitrile TBABF4 �1.8 to �2.5 Similar to acetonitrile

in terms of ion 
stabilities; commercial
spectrograde solvent can
be used without
purification

N,N-Dimethyl- TBAP �2.8 to �1.5 Good stability for 
formamide radical anions; poor 

for cations; difficult to
purify and tends to
decompose or
hydrolyze on standing

Dimethyl- TEAP �1.8 to �0.9 Purified by vacuum
sulfoxide distillation, collecting

the middle 60%; can be
stored on molecular
sieves; limited positive
potential range

Methylene TBAP �1.7 to �1.8 Excellent stability of
chloride cations; limited neg.

potential range; easily
purified; quite resistive

Propylene TEAP �2.5 to �2.0 Purified by reduced
carbonate pressure distillation at

120–130°C, collecting
the middle 60% fraction;
potential range depends
greatly on purity; good
stability for radical
cation

Tetrahyd- TBAP �3.0 to �1.4 Excellent stability of
rofuran anions; easily purified

and dried with alkali
metals; limited positive
potential range; quite
resistive

Experimental Techniques of ECL

5347-X_Bard_Ch2_R2_04-15-04_10:08

25

Copyright © 2004 by Marcel Dekker, Inc.



Table 1 Continued

Solvent Supporting Potential rangec Remarksd

electrolyteb (V vs. SCE)

Acetonitrile– TBABF4, �2.3 to �2.0 Better solubility for some
benzene TBAP, aromatic compounds 
mixed TBAPF6 such as BPQ-PTZ; quite
solventd resistive, depending on

the ratio of benzene to
acetonitrile

Source: From Refs. 1 and 6, See also RN Adams. Electrochemistry at Solid Electrodes. New York:
Marcel Dekker, 1969, pp. 19–37; DT Sawyer, A Sobkowiak, JL Roberts, Jr. Electrochemistry for
Chemists. 2nd ed., New York:Wiley, 1995; AJ Fry. Solvents and Supporting Electrolytes. In: PT
Kissinger, WR Heineman, eds. Laboratory Techniques in Electroanalytical Chemistry. 2nd ed., New
York: Marcel Dekker, 1996, pp. 469–485.
aOther possible solvents include 1,2-dimethoxyethane and hexamethylphosphoramide.
bAbbreviations: TBABF4, tetra-n-butylammonium fluoborate; TBAP, tetra-n-butylammonium
perchlorate; TBAPF6, tetra-n-butylammonium hexafluorophosphate; TEAP, tetraethylammonium
perchlorate; BPQ-PTZ, 3,7-[bis[4-phenyl–2-quinolyl]]–10-methylphenolthiazine.
cAt a Pt working electrode.
d

Excellent purification procedures are described in the literature for
dimethylformamide (DMF) [5–7] and acetonitrile (ACN) [6,8]. Purified ACN is
frequently kept in a flask that can be attached to a vacuum line (with a pressure
of �10�5 torr), and from this apparatus it is distilled through the line as needed.
Usually, it is first collected in an auxiliary vessel containing fresh P2O5. The
solvent is further dried and degassed by two vacuum distillations over P2O5 and
finally stored over Super I Woelm alumina N (ICN Biomedicals, Eschwege,
Germany). After purification under argon or helium DMF is kept in a special
flask having an outlet line that extends from the bottom of the flask through a
stopcock located well above the solvent level. When needed, it can be dispensed
through the spigot by slightly pressurizing the flask with the inert gas on a
vacuum line. If possible, greaseless fittings should be used in all facilities
handling solvents. Tetrahydrofuran (THF) can be treated as described by Mann
[6], or it can be stored in CaH2 and distilled as needed through a vacuum line to

alkali metal for several hours before being redistilled into the cell. In handling
THF, care must always be taken to prevent the formation of explosive peroxides.

Mann [6] provides a general reference for more information on these and
other electrochemical solvents.
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Anhydrous high-purity (spectrophotometric grade) solvents listed in Table

a secondary vessel containing a fresh sodium surface. It is left in contact with the

1 are currently commercially available (e.g., Burdick and Jackson; Aldrich;

A benzene/acetonitrile ratio of 1.5:1 to 4:1 has been used. See, e.g., Ref. 13.
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Matheson, Coleman, and Bell) and are satisfactorily used as received. These
solvents should be isolated from the atmosphere during storage, and all solutions
should be prepared inside an oxygen-free dry box containing helium and sealed
in an appropriate airtight cell for measurements completed outside the dry box.
Because of the long-term, continuous removal of water and oxygen in such a
system, it is possible that the dry box yields superior materials from the
standpoint of dryness. Frank and Park [9] provide general information on the
experimental procedures about electrochemistry in a dry box.

However, for vigorous ECL studies, vacuum systems probably offer the
best compromise between convenience, flexibility, and effectiveness in handling
materials. Deoxygenation is rigorously accomplished by three or four
freeze–pump–thaw cycles, and the cell can be protectively filled with argon or
helium afterward. This procedure results in negligible loss of solvents for
nonvolatile DMF and benzonitrile, but care is needed for volatile solvents such
as acetonitrile and tetrahydrofuran. If the cell is not thermally fragile, deaeration
is best carried out in situ; otherwise, auxiliary vessels designed particularly to
accomplish this operation are required. One common design for this purpose is

storage flask to be transferred to a tube where the solution could be prepared and
deaerated via several freeze–pump–thaw cycles. In the last pumping period, with
the solution frozen, the stopcock to the cell was opened so that it was evacuated
to about 10�5 torr. The system was then filled with about 0.5 atm of inert gas and
the cell stopcock was closed. When the sample solution had melted, the auxiliary
vessel was pressurized and inverted. The cell then filled with solution when its
stopcock was reopened. A cell incorporated with this device was the one

for vacuum degassing. Light from the working electrode was observed through
the window in the large Pt counter electrode (1.5 � 4.5 cm). Experimentation in
the magnetic effect has not encountered special problems with respect to
luminescence generation, and most studies have involved transient techniques in
which ECL intensity has been measured by the heights of single pulses. The cell
was designed to fit into the sample compartment of a special phosphorimeter that
was expressly intended for the study of samples immersed in a magnetic field
[10]. Hence it specifically dealt with the primary experimental pitfalls, the
important effects of stray magnetic fields on PMT operation. Careful shielding
of the PMT with foil of high magnetic permeability and removal of the tube to
about 30 in. from the field are requisites. Therefore attention must be given to
the optical coupling between sample and detector, so that maximum collection
efficiency of ECL intensity can be obtained. Concerning the application of
vacuum line techniques in electrochemistry, Katovic et al. [11] supply an
excellent chapter.

Copyright © 2004 by Marcel Dekker, Inc.

shown in Figure 1 [10]. This particular device allowed for the solvent in a

on ECL (Figure. 2). This cell was very fragile and required the auxiliary vessel
designed by Tachikawa (see Ref. 10) for use in studying magnetic field effects
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Bubbling of the sample solutions with an inert gas is a long-established
technique for deaeration and works well for aqueous solutions. Oxygen’s
high solubility in organic solvents renders it more difficult to remove from
them than from aqueous media. Long bubbling times are usually required,
and one must worry about the cumulative extraction of impurities from the
bubbling stream. It is doubtful that gas bubbling ever removes oxygen as
completely as vacuum deaeration or operation in a dry box. It has the
advantage of simplicity, but careful scrubbing and deoxygenation of the gas
is mandatory.

Several factors besides the constraints imposed by photometric
apparatus must be considered in the design of electrochemical cells for ECL
studies. An important one is the proposed method of deoxygenation, because
this choice affects the selection of materials. Metal-to-glass seals that are

Figure 1 Auxiliary vessel for sample preparation outside the electrochemical cell.
(Adapted from Ref. 10.)
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usually used in vacuum lines, for example, are difficult to cool routinely to
liquid nitrogen temperatures without breakage in freeze–pump–thaw cycles. If
parts of the cell must have such seals or other thermally fragile mountings, the
solution must be vacuum deaerated outside the cell and transferred to it
afterward, or the fragile parts must be added to the cell when degassing is
complete.

Several materials, such as Pt, Au, glassy carbon, indium tin oxide (ITO), and
heavily boron-doped diamond thin film, have been used successfully as the
working electrode for ECL studies. The size and configuration of the working
electrode are usually determined by the purpose of the experiment. If decay curve
analysis is to be performed, a disk electrode is required for compatibility with the
theoretical assumption, and a small electrode (usually �0.1 cm2) helps to limit
waveform distortion by uncompensated resistance effects. In decay curve analysis
or total quantum output measurements, it is vital that the current density be uniform
across the face of the working electrode. Nonuniform current distributions are
especially common in nonaqueous media, where low electrolyte conductivity
causes high electric field gradient in solution. To counter such effects, one often
seeks coaxial configurations between working and counter electrodes and
separates them by an appreciable distance. For multicycle experiments used in
spectral recording, configurations yielding large effective areas are favored to get
a high light level for detection.

Figure 2 Cell design by Tachikawa for studies of magnetic field effects on ECL.
(Adapted from Ref. 10.)

Copyright © 2004 by Marcel Dekker, Inc.
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Luminescence from the counter electrode is another nuisance to overcome.
Because the emitting processes occurring there are usually not well defined, such
emission can cause interference to spectral studies or pulse-shape analysis. When
a large cylindrical counter electrode (e.g., a Pt foil of 1.5 � 4.5 cm) is used, double-
layer charging satisfies virtually all its current requirements and negligibly weak
luminescence originates there.

The reference electrode used in early ECL studies was an aqueous SCE with
an integral aqueous agar salt bridge, which itself contacted the solution through a
Luggin tip filled with the nonaqueous electrolyte [10]. The aqueous reference
electrode, therefore, did not contaminate the working solution. A reference
electrode in the solvent of interest [e.g., Ag/AgNO3 (0.01 M), ACN] contained in
a tube closed with a plug of porous Vycor (Corning Type 7930 “thirsty glass”) can
also be used. In a relatively short-term experiment, one can use a silver wire as a
quasi-reference electrode (Ag QRE); its potential needs to be calibrated by adding
ferrocene as an internal reference after a series of experiments. Because of the
possibility of drift in its potential, a QRE is not suitable for long-term experiments.

One experimental constraint imposed on cell design is to study the
temperature dependence of the ECL efficiency. The electrochemical cell employed

The cell consists of three sections, the first of which allows the insertion and
parallel positioning of the working (a Pt disk sealed in uranium glass; area 0.064
cm2), auxiliary (a Pt foil, 2.9 � 1.0 cm; total area 5.8 cm2), and reference (Ag
QRE) electrodes in the sample compartment. The second section consists of a 10
mL graduated degassing arm and high-vacuum stopcock with associated joints,
allowing complete cell assembly, connection to a vacuum line, and vacuum-tight
isolation from the atmosphere. The third section consists of a 5 mL sample
compartment integrally sealed into a double-walled evacuated Pyrex Dewar flask
(100 mL capacity) that is silvered to minimize light loss through scattering. The Pt
disk electrode can be spectroscopically observed directly through the two flat
sections of Pyrex glass at the bottom of the Dewar. Within the sample
compartment the auxiliary foil electrode is folded in a cylindrical arrangement
around the working electrode, with the Ag QRE being positioned between the Pt
foil and disk as close to the disk as possible. The resulting geometry promotes even
current distribution over the surface of the Pt disk and minimizes the
uncompensated solution resistance between the working and reference electrodes.
The use of a large-area counter ensured that most of the counter electrode current
was non-Faradaic, i.e., was involved in double-layer charging, so no light was
generated at the counter electrode. Solutions were prepared by transferring 5 mL
of the solvent under vacuum at �30°C into the degassing arm containing the
supporting electrolyte and the compound, which had been predried for 12 h at
�10�5 torr. After two freeze–pump–thaw cycles the solution was transferred
directly to the sample compartment. In constructing the cell, sufficient care was
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by Wallace and Bard [12] for the variable-temperature ECL is shown in Figure 3.
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taken that direct contact of the ECL solution with grease (Dow Corning high-
vacuum silicone lubricant) was avoided. Temperature variation and stabilization
were accomplished either by using a methanol–dry ice mixture or by using a
temperature control apparatus equipped with a constant-temperature bath fluid
pump that circulated methanol or water through a copper coil heat exchanger in
the Dewar of the ECL cell.

The cell used for solution preparation in a dry box has fewer constraints;
hence one can be quite flexible in choosing the materials and component design.
The group at the University of Texas nowadays employs a conventional three-
electrode configuration, airtight vessel. The cell was designed to fit in front of the

Figure 3 Variable temperature ECL and electrochemical cell. (Adapted from Ref. 12.)

Copyright © 2004 by Marcel Dekker, Inc.
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entrance slit to a CCD spectrometer and has a total volume of 4–5 mL [13]. A
metal through Teflon or glass airtight cap (ACE Glass) is sealed with a Torr-seal
(Varian Associates).

One of the most recently employed ECL cells is the flow cell coupled with
a flow-injection analysis (FIA) system [14–19]. For example, the flow cell used
by Collinson and Wightman [14], shown in Figure 4, consists of a stainless steel
body housing an epoxy-sealed glass, a 150 µm thick polyethylene spacer, and a
stainless steel electrode retainer plate. The epoxy-encased microelectrode fits
snugly in the electrode retainer plate, which secures to the cell body with
stainless steel screws. The volume of the cell defined by the rectangular groove
cut into the polyethylene spacer is about 12 µL. Solvent was continuously
pumped through the cell via glass-lined, stainless steel tubing (1/16 in. o.d.,
Alltech) with an ISCO microflow pump at a flow rate of 300 µL/min. An SSI
valve equipped with a pneumatic actuator was used to inject approximately 100
µL of the deoxygenated sample into the flow stream. Any emission from the
counter electrode was prevented by masking the electrode with black electrical
tape placed on the outside of the glass optical window. The system yields
reproducible results with multiple injections. Because the compound is in contact
with the electrode for only a short period (~ 1 min), impurities have only a very

Figure 4 Simplified block diagram of ECL flow cell and equipment (A) Stainless steel
cell body housing an optical window; (B) polyethylene spacer; (C) epoxy-encased
microelectrode; (D) stainless steel electrode retainer. (Adapted from Ref. 14.)
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low chance to build up in solution or on the electrode and degrade the ECL
response. This type of flow cell has frequently been used in commercial
instruments for ECL assays of antibodies, antigen, and DNA, employing

The main experimental constraint on cell design for spectral recording is
simply that it must be possible to fit the electrochemical cell into the sample
compartment of the spectrometer. However, this can sometimes cause a serious
obstacle because it sometimes (e.g., when the light level is low) demands the
placement of several large electrodes in an uncomfortably small volume. Freed

device was quite small, yet it featured a large-area working electrode made from
Pt foil or coil. The concentric counter electrode was located out of the field of
view of the photon detector, so its emission remained undetected. The Pt lead
wires for these two electrodes were insulated with Teflon spaghetti in their rise
to the wall seals. After degassing, a fiber-tipped Ag/AgCl, KCl (saturated)
aqueous reference electrode with a nonaqueous salt bridge or a QRE was inserted
through the working electrode support under a positive pressure of inert gas. We
address the methods for spectral recording in more detail in Section II.D.2.

B. Transient Techniques

Transient methods for studying ECL ordinarily involve alternate generation of the
reactants at a single electrode (the working electrode), and they rely on diffusive or
natural convective transport for mixing. A single experiment cycle produces one or
two light pulses whose integral or shape parameters often contain quantitative
kinetic information of interest. Alternatively, one can employ multicycle reactant
generation to create a train of closely spaced light pulses for spectral study. This
latter procedure can be treated as an extension of the single-pulse, potential step
experiment. Transient methods are better introduced in terms of this technique,
because it has emerged as the most useful transient probe for mechanism and
because its design and interpretation require consideration of virtually all the
phenomena involved in ECL generation.

1. The Triple Potential Step Experiment

deaerated solution of the precursors to generate the desired reactant radicals, e.g.,
rubrene (RU) in benzonitrile containing 0.1 M TBAP. Figure 6a shows the cyclic
voltammogram of such a solution. Prior to the start of the experiment, the working
electrode, usually a Pt disk a few millimeters in diameter is held at the rest
potential to allow the system to become quiescent. At zero time, the working

Copyright © 2004 by Marcel Dekker, Inc.

magnetic beads [20,21] (for more detailed discussions see Chapters 8 and 9).

and Faulkner’s design [22] (Figure 5) proved very satisfactory in this regard. The

Figure 6 describes the triple potential step procedure [1]. One begins with a
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electrode potential is stepped to a potential in the mass transfer–controlled region

is created near the electrode surface, and the concentration profiles at the end of the
f

stepped to a value in the diffusion-controlled region for rubrene oxidation. The
second step initially destroys some RU�• at the electrode surface by the reaction

RU�• → RU�• � 2e (1)

So RU�•, now facing a concentration gradient toward the electrode, will begin to
move in that direction. Because RU�• diffuses only toward the solution, the two
species meet and react in a very thin zone that is near the electrode surface and
gradually moves away from it. The situation midway through the second step is
shown in Figure 7c; the reaction produces a light pulse that decays with time as
shown in Figure 6c. Time into this step is measured from its beginning by tr. At
tr � tf the electrode potential is changed a third time to an intermediate potential

Figure 5 A cell designed by Freed for generation of ECL inside a spectrometer cuvette
holder. (Adapted from Ref. 22.)
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to generate radical anions (see Fig. 6b). A progressively thickening layer of anions

forward step are like those of Fig. 7b. At this time, t , the electrode potential is
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Figure 6 ECL generation by triple potential step. (a) Cyclic voltammogram of 0.593
mM rubrene in BN with 0.1 M TBAP; (b) working electrode potential program; (c)
emission intensity vs. time. (Adapted from Ref. 1.)

Copyright © 2004 by Marcel Dekker, Inc.
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Figure 7 Concentration profiles in the triple-step generation of ECL. The initial bulk
concentration of RU is represented as C*. (Adapted from Ref. 1.)
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at which both radical ions are destroyed electrolytically, thus the solution is

obviously available for an anodic forward step.
Information coming from this experiment is twofold. First, one can know

the number of reactant species generated in the forward step from integrated
current measurements. Comparison of this value with the total number of
photons produced (integrated absolute emission–time curve) provides
information about the emission efficiency, i.e., the probability of emission per
charge transfer event, Φecl. Φecl is given by

(2)

where I is the total photonic emission rate (einsteins per second) and N is the
total redox rate (moles per second). The closest experimental approximation one
can make to this emission probability per charge transfer event is the coulometric
efficiency Φc,

(3)

where F is the Faraday constant and Qf is the faradaic charge passed in the first
step. Φc differs from Φecl because the number of charge transfer events, ∫∞0 N dtr,
is smaller than the number of reactant species injected in the forward step, Qf/F,
by the number destroyed at the electrode in the second and third steps. The ratio
Φecl/Φc � θ can be obtained by digital simulation. It is 1.078 for stable reactants
derived from the same precursor and increases with decreasing reactant stability
[23]. It also depends on the ratio of reactant precursor concentrations in mixed
system. For equal concentrations, it is 1.105 [24]. An interesting fact uncovered
from the simulation is that virtually all reactant loss occurs during the third step.
During the transition to the second step, a very small amount of the first reactant
is lost to the electrode, but this loss ends as soon as the second reactant is
established at the surface. Second, electron transfer kinetic information is
contained in the parameters governing luminescence decay. This requires a

2. Multicycle Methods

The generation of a train of pulses, usually for spectral recording, is an obvious
extension of the single-pulse, potential step technique. A series of light pulses
are generated, accompanying each potential change. To attain the resolution in a
spectral study, one usually seeks to achieve a pseudo-steady-state reasonably
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rather sophisticated data analysis scheme to extract it (cf. Chapter 3 for details).

restored quickly to its original state, Figure 7a. The opposite sequence is



high light output; hence one desires a high alternation frequency (�10 Hz) and
employs electrodes of fairly large area (�1 cm2). Both factors imply markedly
high power dissipation due to double-layer charging; hence one often encounters
severe rounding of the potential waveform via uncompensated resistance effects
and thermal heating of the solution resulting in convective transport. The well-
defined electrode boundary conditions and diffusive transport processes no
longer apply, and the pulse shape becomes unpredictable. On the other hand, one
rarely cares about the pulse shape in these instances, and the effect of convection
is to increase transport rates, resulting in desirably higher light output.

When possible, such experiments should be carried at controlled potential,
as for the single-pulse experiment described above. Many investigators have
used ac electrolysis to generate light in a cell containing only two electrodes.
However, one must exercise caution under such a circumstance, for one can
easily generate undesired species by applying too large a voltage to the cell. The
homogeneous reaction can be safely limited to that between the most easily
generated oxidant and reductant by operating the cell at a voltage just higher than
the threshold value required for luminescence. In many cases, increasing the
applied voltage causes the intensity to pass through a maximum as the electrode
reactions reach the mass transfer–controlled region. The voltage required to
generate maximum intensity usually represents an optimal applied voltage.

Although this technique has commonly been employed for spectral
recording, by using an ultramicroelectrode (UME) as the generator in
annihilation experiments and comparing the shape of the relative intensity vs.
time curve to theoretical behavior obtained by digital simulation, it is possible to
study fast annihilation reactions of the radical ions of 9,10-diphenylanthracene
(DPA) and several other compounds [25]. More details about this technique are

C. Steady-State Methods

The transient techniques for ECL studies are straightforward and have been
successfully applied to elucidate the reaction mechanisms, but they suffer
several disadvantages. First, the current attained in transient experiments
includes an appreciable amount of non-Faradaic contributions from charging
of double-layer capacitance. This effect becomes more important as the
switching frequency increases and step time decreases and must be taken into
account in the determination of Φecl. Second, the demands on the response time
and power output of the potentiostat can be quite large in transient techniques
for obtaining an accurate decay curve for analysis. Finally, steady-state ECL
intensities cannot be attained at a single electrode and it is difficult to
quantitatively consider ECL arising from reaction species other than those
formed at the first oxidation and reduction waves. Steady-state ECL can be
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discussed in Section III.A; also see Chapter 3 of this volume for theory.



generated by forming the two reactants at separated electrodes and flowing
these together shortly after formation. There are several steady-state methods
for ECL study. These include rotating ring-disk electrode, thin-layer cell, and
microband electrode arrays.

1. The Rotating Ring-Disk Electrode

and a concentric ring electrode electrically insulated from the disk and separated
from it by a thin Teflon spacer. Upon rotation, solution at the ring-disk surface
is spun out in a radial direction and is replenished by the flow of solution normal
to the RRDE. In ECL experiments, one reactant (e.g., radical cation) is generated
at the disk and the other (e.g., radical anion) is produced at the ring. These ions
mix to form a circle of light in the ring electrode region.

Because solutions in most ECL procedures must be prepared and
maintained under an inert atmosphere, the rotation of the working electrodes
presents problems. The construction of an RRDE and cell for ECL studies on
a vacuum line has been described in detail [1,26] and will not be described
here. An alternative arrangement involves the use of an open-cell and motor
system inside an inert atmosphere glove box. The electrodes themselves and
bipotentiostat are now commercially available (e.g., from Pine Instrument
Company, Grove City, PA; EI-400 bipotentiostat from Cypress Systems, Inc.,
Lawrence, KS). In this case, total light emission or emission at a particular
wavelength isolated by interference filters can be measured, but spectral
recording is more difficult.

Some of the experiments performed with the RRDE are of a purely
electrochemical nature, such as the determination of disk current, id, vs. disk
potential, Ed, and ring current, ir, vs. ring potential, Er, at constant Ed or ir vs. Ed

at constant Er, all as functions of ω. These experiments provide standard
potentials and information about the stabilities of the radical ions and other
intermediates. Evidence for the stability of the electrogenerated species was
obtained by determination of the collection efficiency Nc (where Nc � �ir/id �)
for generation of a species at the disk electrode and collection of this species at
the ring electrode. Experimental Nc values for stable species are close to the
theoretical value for total collection of the disk-generated species at an
electrode of known geometry. Theoretical Nc depends only on the radius of the
disk, r1, the inner radius of the ring, r2, and its outer radius, r3, and is
independent of ω and the bulk concentration CR* and diffusion coefficient DR

of the reactant. The theoretical Nc can be calculated from

Nc � 1 � F(α/β) � β2/3 [1 � F(α)] �

(1 � α � β)2/3 {1 � F[(α/β)(1 � α � β)]} (4)
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The rotating ring-disk electrode (RRDE) (Figure 8) consists of a disk electrode
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Figure 8 Ring-disk electrode.
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where α � (r2/r1)3 � 1, β � (r3/r1)3 � (r2/r1)3, and F values are defined by

(5)

The function F(χ) and values of theoretical Nc for different values of the ratios r2/r1

and r3/r2 have been tabulated [27]. One can also determine Nc experimentally for
a given electrode, by measuring |ir/id| for a stable system. Once Nc is determined,
it is a known constant for that RRDE. For example, the RRDE used in Maloy’s
ECL studies [26], which had a disk of platinum with r1 � 0.145 cm and a platinum
ring with r2 � 0.163 cm and r3 � 0.275 cm had an Nc value of 0.54. This implies
that for a stable species generated at the disk, 54% of it reaches the ring and is
collected, with the remainder escaping into the bulk solution. When the disk-
generated species is unstable, smaller Nc values are observed, and Nc determined
as a function of id or ω under these conditions can be used to measure the rate
constants for the decomposition reactions [28].

In the ECL experiments, besides its use in the determination of Φecl as
described later in Section II.D.1.b, the RRDE can be employed to measure
simultaneously the steady-state values of I and id as a function of Ed during
continuous production of the appropriate reactant at the ring electrode. One

shows the id and I values obtained for the Ru(bpy)3
2� system in acetonitrile with

TBAP. The ring was maintained at a potential where Ru(bpy)3
3� was generated

[e.g., at �1.48 V vs. SCE where Ru(bpy)3
3� is produced], and the disk was

scanned from 0 to �2.0 V vs. SCE [29]. Emission is observed for production of
the �1, 0, and �1 species at the disk in three light waves of equal height. For all
waves the light is from the emitting Ru(bpy)3

2� state. When the disk was held at
�1.48 V and the ring scanned to negative potentials, the ECL intensity remained
constant, as expected, because with the geometry of the RRDE employed in this
experiment ir was much larger than id for the same electrode reaction.

The Φecl value can be determined by adjusting Er and Ed to appropriate
values and determining the ECL intensity incident on the photon detector. The

as well as others peculiar to the RRDE and its cell geometry. This is corrected for
geometric factors and frequency to yield the total emission I. The disk current
(corrected for any residual current) id in the limit of a fast redox reaction involving
n electrons, represents the number of annihilations, so that

Φecl � nFI/id (6)
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representative use of the RRDE in this manner is illustrated in Figure 9, which

usual problems of absolute photometric measurements arise (see Section II.D.1.b),
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Values of Φecl

Ru(bpy)3
2� system [29]. The efficiency of this system (5–6%) is one of the

highest and is often taken as a standard [12–14] for the calibration of Φecl of an
ecl).

2. Thin-Layer Cells

Another approach to steady-state ECL uses two closely spaced electrodes in
which, during dc electrolysis, the oxidized and reduced forms generated at the
different electrodes diffuse and migrate together. The annihilation reaction
occurs in the space between two electrodes to produce the light. The electrode
spacing, �, must be quite small if the rise time for emission, ts, is to be reasonably
short (i.e., ts ≈ �2/16DR, where DR is the diffusion coefficient of the reactant); a
1 s rise time thus requires a 100 µm spacing. A TLC will establish a steady-state
current ist and emission intensity I governed by

Φecl � nFI/ist (7)

Because the solution volume contained in a TLC is so small, a closed TLC is
more sensitive to buildup of impurities and quenchers and so usually shows

Figure 9 Steady-state current and ECL intensity for Ru(bpy)3
2� system. The

solution contained 1.0 mM Ru(bpy)3(ClO4)2 and 0.1 M TBABF4 in ACN with Er �

�1.48 V (generation of �3 species) and Ed scanned from 0 to �2.0 V. (Adapted from
Ref. 29.)
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at different rotation speeds are shown in Figure 10 for the

unknown system (see also Section II.D.1.b for the determination of Φ
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relatively short lifetimes. This drawback can be eliminated by combining an

details about flow injection ECL systems). Thin-layer cells can be used
advantageously with solvent systems of much higher resistivity than those
employed in conventional cells. Various aspects of thin-layer ECL cells and
experimental results have previously been described [30–32].

3. Microband Electrode Arrays

An alternative approach to the generation of steady-state ECL uses an array of
microband electrodes. For demonstration, we focus on a double-band electrode
configured in a generation–collection mode. In this configuration, information
analogous to the classical RRDE, as discussed above, is obtained [33,34].

Because of the close proximity of the individual electrodes, arrays of
band electrodes are particularly convenient tools to generate the reactants for
ECL. Two members of the array are used in double-band configuration to
generate both reactants at a constant potential, and an easily measured steady-
state light output can be achieved. The small gap dimensions at these electrodes
focus the reactant diffusion layers for the ECL reaction adjacent to one another,
so a narrow, intense emission region is produced between the bands. Besides,

Figure 10 Φecl vs. ω1/2 for 1 mM Ru(bpy)3(ClO4)2/degassed ACN/0.1 M TBABF4. (��)
Ed � �1.37 V, Er � �1.48 V; (��) Ed � �1.48 V, Er � �1.37 V. (Adapted from Ref. 29.)

Copyright © 2004 by Marcel Dekker, Inc.

open TLC with a flow injection analysis (FIA) system (cf. Chapters 8 and 9 for



they are easy to construct and provide relatively large current with minimal
distortion from Ohmic drop. These features combined with the FIA technique
make them very useful for continuous monitoring of emission efficiency. The
efficiency that can most readily be determined experimentally, Φc, is given by
Eq. (3).

The use of double-band electrodes in the collector–generator mode
provides a convenient way to characterize the potentials that should be used for
generation of the ECL reactants. Collector–generator voltammograms for
Ru(bpy)3

2� are shown in Figure 11 [35]. The generator potential was scanned
while the potential of the collector was kept constant, and the current at both
electrodes was recorded. The current measured at the collector is due to
diffusion of electrogenerated Ru(bpy)3

� or Ru(bpy)3
3� from the generator.

Meanwhile the current at the generator is due to semi-infinite diffusion of
Ru(bpy)3

2� from the bulk and “feedback” diffusion from the collector
electrode. In addition to the potential information, the stability of the ECL
reactants can be evaluated by the magnitude of the collection efficiency. The
collection efficiency is defined as ic/ig, where ic and ig are the diffusion-limited
currents at the collector and generator, respectively. The experimental values
for the anodic and cathodic reactions are 0.58 and 0.56, in the range expected
for chemically stable products on the electrochemical time scale at double-band
arrays of the dimensions employed [4–5 µm in width (w), 0.3–0.5 cm in length,
and 4–5 µm gap (g)] and a potential scan rate of 0.05 V/s. An empirical
expression for the collection efficiency of a chemically stable product as a
function of dimensionless scan rate p for w/g � 1 is given by [36]

ic/ig � 0.2415 � 0.4091(log p) � 0.07487(log p)2 (8)

Fan

Figure 11 Collector–generator voltammograms recorded at a double band for 1.0 mM
Ru(bpy)3(ClO4)2 in ACN with 0.1 M TBAPF6. The initial generator potential was 0.0 V,
and scans are shown to both negative and positive potentials at 50 mV/s. The potential of
the collector was 0.0 V for both scans. (Adapted from Ref. 35.)
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where p � (g/2)(nFv/DR�T)1/2, v is the potential scan rate, DR is the diffusion
coefficient of the redox species, � is the gas constant, and T is the temperature.
As the electrogenerated species at the generator are unstable, collection
efficiency is affected by the homogeneous chemical kinetics. A working curve
for the EC (a chemical reaction following the interfacial electron transfer)
mechanism for double-band electrodes is approximated with very good
accuracy at low collection efficiencies by [36]

(9)

in which k is the first-order homogeneous rate constant.
In the ECL mode, one of the bands serves as the cathode and the other as

the anode. The potential of the first reduction wave [formation of Ru(bpy)3
�] is

close to subsequent reduction waves that correspond to the formation of the
neutral and �1 species. Therefore, the potential of the cathode during ECL
operation is chosen near the plateau of the Ru(bpy)3

� wave. The anode
potential during ECL operation is chosen to be 250 mV past the half-wave
potential for the Ru(bpy)3

2�/Ru(bpy)3
3� redox couple, sufficiently positive to

ensure diffusion controlled formation of the reactant. The anodic current and
ECL intensity during the ECL experiment at a double-band array are shown in

ECL intensity does so at a much slower rate.
Similar to thin-layer cells, microband electrodes can be used to observe

ECL in solutions of low ionic strength. For Ru(bpy)3
2� in low ionic strength

solutions, the electrochemical and ECL measurements at steady state are
unchanged from those at high ionic strength. However, before steady state is
achieved, the anode current is lower than the cathode current, an effect caused
by migration [37]. The annihilation reaction results in a redistribution of the
counter ions in the solution volume adjacent to the double band, resulting in the
disappearance of migration as a contributor to the mass transport. Under all
solution conditions the double-band ECL device produces light continuously
with direct current application because continuous feedback occurs with
reactants and products. The current flows mainly between the adjacent anode
and cathode. It would be possible, therefore, to operate this ECL device with a
simple voltage source between the anode and cathode, without the need for
reference and auxiliary electrodes or a potentiostat. However, one must exercise
caution under such a circumstance, for one can easily generate undesired
species by applying too large a voltage to the cell, as discussed previously in
Section II.B.2.
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Figure 12. Whereas the electrolysis current rapidly reaches steady state, the



D. Light Detection

Important detector qualities such as spectral response, rise time, and sensitivity
differ not only between different detector types but also between different
detectors of the same type. These qualities are also influenced by the design of
the overall measurement system, including component specification. Several
parameters are used to characterize detector performance. A discussion of the
many types of detectors or of the details of any one design is beyond the scope
of this chapter. We summarize some of the properties of a few of the more basic

1. Intensity and Quantum Efficiency Measurements

a. Relative Measurements of ECL Intensity. Much of the ECL work reported
involved relative photometric measurements. A detector signal proportional to
the absolute emission flux was followed, but the proportionality constant was
unknown. In many cases, detection was made essentially by a bare
photomultiplier tube (PMT). The measured signal was photocurrent converted
to a voltage by either an anode resistor or an operational amplifier acting as a
current follower. The group at the University of Texas presently employs a

Fan

Figure 12 Currents measured during ECL. (a) Anodic current, i; (b) PMT current I.
The solution contained 1 mM Ru(bpy)3(ClO4)2 in ACN with 0.1 M TBAPF6. (Adapted
from Ref. 35.)
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devices in Table 2.



PMT–electrometer (Hammamatsu R4220 or R928 PMT and Keithley 6517
electrometer) combination for general ECL intensity measurement. This
simplest of detection methods has high sensitivity (	20 pA photocurrent
detection limit) and offers maximum flexibility in the design of other parts of
the apparatus. This setup is most suitable for quasi-steady-state measurements
owing to the limited response time of the electrometer (ranging from 1 ms in
micro- and milliampere ranges to 2.5 s in the picoampere range). For transient
measurements, the PMT signal can be amplified by a fast preamplifier (EG&G
Ortec VT120A, 150 MHz bandpass, 200 gain) before going into an oscilloscope
or a multichannel scaler. An alternative to the PMT could be a PIN photodiode.
This kind of device has not been used extensively in transient studies but has
been employed for steady-state measurement. Likewise, an alternative to
determination of photocurrent is the use of photon counting. In the conventional
mode, this method is used for steady-state measurement. The Hamamatsu
C1230 photon counter and its related products are quite suitable for this kind of
experiment. An R928p PMT was cooled at �10°C with a thermoelectric device
(Model TE308TSRF, Products for Research, Inc., Danvers, MA) housed in a
water-jacketed refrigerated chamber connecting to a cooled-water circulator
(MGW Lauda RM6, Brinkman Instruments, Inc., Westbury, NY). In the
transient measurement, the photon-counting method was originally developed
for studies of fluorescence decay [38]. For ECL studies, a modified technique
was used by Van Duyne’s group to acquire fast transients (�10 µs) at high
precision [39]. Quite recently, by using an ultramicroelectrode (UME) as the
generator in annihilation experiments and comparing the shape of the relative
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Table 2 Basic Properties of Detector Families

Detector type Peak sensitivity Spectral linearity Response time

Eye Equivalent to PMT Peaks near 555 nm 50 ms
Thermopile 55 V/W Flat 1 s
Pyroelectric 2400 V/W Flat 1 µs
PMT 105 A/W Varies by typea 10 ns
Solar cellb 0.3 A/W Peaks near 750 nm 200 µs
Photodiodeb 0.3 A/W Peaks near 750 nm 1 ns
Avalancheb 100 A/W Peaks near 750 nm 1 ns
Vidicon tube NA Varies by typea 1 µs
CCDc Varies by type Varies by type Varies by type

aThe spectral response of PMT is determined by the photoemissive (cathode) material and the
transmission of the window in the tube at the blue end.
bRefers to silicon-based detectors.
c

Source: Adapted from D O’shea. Elements of Modern Optical Design. New York John Wiley &
Sons, 1985, p. 337.

Copyright © 2004 by Marcel Dekker, Inc.

See Section II.D.2 for more detailed discussion.
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Table 3 Other Liquid-Phase Chemical Actinometersa

Actinometer Useful wavelengths Remarks
(nm)

Azobenzene 230–460 No wavelength dependence of
photoisomerizationb quantum yield for trans →

cis reaction; no temperature
dependence; reproducibility
better than 2%; reusable.

Uranyl oxalate 200–500 Quantum yields are 
photolysisc accurately known; requires

titrations and the results are
obtained from titrationˇ20
differences; absorption has
a minimum near 366 nm.

2,3-Dimethyl–2- 280–560 Quantum yield � 0.76;
butene-sensitized sensitized with methanolic 
photooxygenationd Ru(bpy)3

2�Cl2 solution.
Heterocoerdianthronee 400–580 Simple evaluation

procedure; small error and
good reproducibility.

meso-Diphenylhelian- 475–610 Quantum yield � 0.224;
threne self-sensitized independent of wavelength.
photooxygenationf

Hexakis(urea)Cr(III) 452–735 Low quantum yields (0.09–0.10)
chloride photoa- and nearly independent of
quationg wavelengths.

Reinecke’s salt 316–750 Quantum yields depend on
photoaquationh wavelengths and accurately

known, only slightly on
temperature, and no
significant dependence on
light fluence; reproducibility

2%; precision 
5%;
thermal aquation becomes
a problem in basic solution.

aFor general information on chemical actinometry, see, e.g., SL Murov, I Carmichael, GL Hug.
Handbook of photochemistry, New York: Marcel Dekker, 1993, Chap. 13; HJ Kuhn, SE Braslavsky,
R Schmidt Chemical Actinometry. Pure & Appl. Chem. 61:187–210, 1989.
bSee, e.g., G Zimmerman, LY Chow, UJ Paik. The Photochemical Isomerization of Azobenzene. J.
Am. Chem. Soc. 80:3528–3531, 1958; G Gauglitz, S Hubig. Chemical actinometry in the UV by
azobezene in concentrated solution: a convenient method. J. Photochem. 30:121–125, 1985; N
Siampiringue, G Guyot, S Monti, P Bortolus. The cis → trans photoisomerization of azobenzene: an
experimental re-examination. J. Photochem. 37:185–188, 1987.
cHA Taylor, In: JM Fitzgerald, ed. Analytical Photochemistry and Photochemical Analysis, New
York: Dekker, 1971, p.91 and references cited therein.
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intensity vs. time curve (acquired with a single-photon counting apparatus) to
theoretical behavior obtained by digital simulation, it was possible to study fast
annihilation reactions of the radical ions of 9,10-diphenylanthracene (DPA) in
the temporal resolution to the nanosecond regime [25]. More details about this
technique are discussed in Section III.A.

b. Absolute Measurements of Quantum Efficiency. We noted above that
measurements of Φecl and a full analysis of transients require knowledge of the
absolute photonic intensity emitted from the system under study. There are two
methods for acquiring such information, namely, direct actinometry or the use
of a calibrated photodetector.

The usual procedure in actinometric determinations is to expose the entire
photon flux to a totally absorbing, photochemically active solution, i.e. an
actinometer. The standard tool is 0.006 or 0.15 M potassium ferrioxalate in 0.1 M
H2SO4 [40]. The latter absorbs within a 1 cm depth essentially all photons with
wavelengths shorter than 450 nm, and each photon produces ferrous iron with a
quantum yield that varies only slightly with wavelength and is approximately unity
[41]. The ferrous species is then measured spectrophotometrically by the 1,10-
phenanthroline method. The experiment must be carried out in the dark, of course,
and a number of precautions must be taken, as in any actinometric measurement
[40,41]. The ferrioxalate solution must be degassed and maintained under nitrogen
during the experiment to prevent oxidation of any Fe(II) formed. Actinometry is
very reliable but rather insensitive. One requires about 1016 photons/mL of
solution at a minimum and several millimeters of solution is usually necessary to
cover an ECL cell to a 1 cm depth. In addition, the actinometer provides only time-
integrated photon output. Transient techniques yield photon fluxes of perhaps 1013

photons/s; thus actinometry is not suitable for single-pulse work, but it can be used
for long-term, multicycle light generation. Several other liquid phase chemical

Table 3 Other Liquid-Phase Chemical Actinometersa

dJN Demas, RP McBride, EW Harris. Laser Intensity Measurement by Chemical Actinometry. A
photooxygeneration Actinometer. J. Phys. Chem. 80:2248–2253, 1976.
eHD Brauer, W Drews, R. Gauglitz, S Hubig. Heterocoerdianthrone: a new actinometer for the
visible (400–580 nm) range. J. Photochem. 20:335–340, 1982.
fHD Brauer, R Schmidt, G Gauglitz, S Hubig. Chemical actinometry in the visible (475–610 nm) by
meso-diphenylhelianthrene. Photochem. Photobiol. 37:595–598, 1983; R Schmidt, HD Brauer. Self-
sensitized photo-oxidation of aromatic compounds and photocycloreversion of endoperoxides:
applications in chemical actinometry. J Photochem. 25:489–499, 1984.
gEW Wegner, AW Adamson. Photochemistry of complex ions. III. Absolute quantum yields for the
photolysis. J. Am. Chem. Soc. 88:394–404, 1966.
hFor potassium Reineckate, K[Cr(NH3)2(CNS)4], see, e.g., EE Wegner, AW Adamson.
Photochemistry of complex ions. III. Absolute quantum yields for the photolysis. J. Am. Chem. Soc.
88:394–404, 1966.
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actinometers covering different wavelength ranges are listed in Table 3.



It is therefore necessary to calibrate a photon detection system, but
obtaining a precisely standardized low-level source for such a calibration is an
obstacle. Moreover, the ECL intensity often shows a complex angular
distribution for different systems, which makes it extremely difficult to define
the geometry of the photometric measurement. Finally, one has to contend with
the usual wavelength dependence of the detector response.

The latter two problems were overcome by using the apparatus designed by

measuring ECL and light-emitting devices is an integrating sphere. Zweig et al.
[43] introduced the integrating sphere as a convenient solution to the problem of
geometric definition in the ECL studies. The sphere in the Figure 13a apparatus is
a modified 3 L flask painted on the inside with several layers of diffusely reflecting
BaSO4 white reflectance paint (Eastman Kodak), which causes a source placed
anywhere inside to yield a uniform intensity over the entire inner surface. As long
as the detector does not view the source directly, this surface intensity is not very
dependent on either the angular distribution of source emission or the source
location, so that a reproducible fraction of the emission can easily be monitored via
the PMT or photodetector port. The electrolysis cell enters from a joint at the top,
whose axis is directed so that the working electrode faces away from the detector.
The need for a quantum flat detector response (photons per microcoulomb
calibration independent of wavelength) was met by inserting a quantum counter
solution (6.0 g/L Rhodamine B in ethylene glycol) [40] between the detector port
and the PMT. The integrating sphere is now commercially available (e.g., from
Newport Corporation, Irvine, CA or Labsphere, Inc., North Sutton, NH).

Bezman and Faulkner [42] used a complicated and tedious stepwise
calibration technique based on actinometry. A simplified calibration technique for
the sensitivity of the integrating sphere–based photometric apparatus was reported
by Michael and Faulkner [44]. In their approach, an optical fiber light guide which
was mounted in a spectrophotofluorometer so that the excitation beam at the cell
position impinged on one end. If the 436 nm line from a mercury-xenon lamp was
used for excitation, the monochromatic flux emerging from the end of the guide was
sufficiently high that one could quantitatively measure it by immersing the tip in the
ferrioxalate actinometer for about 20 min. After this exposure, the guide was then
inserted into the sphere and the photocurrent due to the known flux was measured.
The sensitivity for the apparatus shown in Figure 13 was 3.6 � 1013 photons/µC.
Any calibration is tedious, so the apparatus was also provided with two secondary
standards in the form of small tungsten lamps powered by a constant current source.
The photocurrents arising from them were standardized during the initial calibration
of the system; thus they were available as a routine check on the PMT sensitivity.

Because the light is reflected several times, any wavelength variation in
surface reflectivity is amplified into a serious wavelength dependence of
sensitivity. Such a complication will not usually arise with fresh commercial
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Bezman and Faulkner [42] shown in Figure 13. One essential accessory for
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Figure 13 (a) A photometric apparatus designed by Bezman for absolute measurements
of ECL output. (Adapted from Ref. 42.) (b) A simplified calibration technique for the
sensitivity of the integrating sphere-based photometric apparatus reported by Michael.
(Adapted from Ref. 44.)
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paint unless extreme regions of the visible and near ultraviolet are approached.
However, if such a complication should occur (the reflectance paint could
deteriorate with time), one can easily check for this problem via the light-guide
method. One should mount the guide in the spectrophotofluorometer as described
above and illuminate it with light from a xenon arc lamp. Scanning the excitation
monochromator then supplies a continuously variable monochromatic output at the
exit tip of the guide. Its spectrum is recorded by placing the tip at the front face of
the quantum counter (sphere removed) and measuring the PMT output as a function
of wavelength. If the reflectance paint has flat reflectivity, the same spectral shape
should be obtained upon replacement of the sphere and insertion of the guide into
the position normally occupied by the ECL cell. A problem with wavelength
dependence of sensitivity can also arise when an object inside the sphere adsorbs the
source emission, so one should obviously avoid the use of light-absorbing materials
in cell construction.

A final limitation of this particular photometric system is the operation of the
fluorescent screen quantum counter. Because the screen becomes transparent
abruptly at 610 nm, source emission at longer wavelengths is not scattered by the
Rhodamine B but is registered directly at the PMT. This effect usually weights the
longer wavelength photons much more heavily. The light-guide method allows one
to evaluate the sensitivity factor as a function of wavelength, and this curve can be
convoluted with the emission spectrum of interest to obtain an absolute sensitivity
for the system at hand. In their absolute multicycle experiments, Pighin and Conway
[45] and Schwartz et al. [46] detected light with solid-state devices (e.g., solar cells
of 1 cm2 area or silicon photocells) and used box-shaped integrating enclosures to
deal with the geometry problem. Calibration was done with a standardized red-light-
emitting diode. In any of these absolute measurements of ECL intensities, one may
also have to account for losses caused by imperfect reflectivity of the electrode and
optical absorption by solution (see the following discussions).

An alternative method for acquiring Φecl is based on the RRDE technique. In
direct actinometric measurements, the RRDE cell is surrounded by an actinometer
solution, for example, a solution of 0.15 M potassium ferrioxalate in 0.05 M H2SO4.
The ECL experiment is carried out at the RRDE while id is monitored, and the total
number of photons absorbed by the actinometric solution is determined from the
amount of Fe(II) formed. The apparatus for the ECL measurement from the

of the cell allows the intensity to be monitored with a photodiode during the
experiment; the actinometrically measured total emission is geometrically corrected
for the losses through this monitoring port. A second detector monitors any light that
escapes through the actinometric solution, especially the green tail of the DPA
emission.

It was found that the RRDE produced emission that was uniform at all angles
below the plane of the disk electrode [47]. Thus, the RRDE approach can greatly
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thianthrene–DPA system is shown in Figure 14 [47]. The optical flat at the bottom



simplify the calibration procedure for a photometric system; it is based on a
calibrated photodetector of known sensitive area and geometrically determined
efficiency of light collection. Especially useful as a detector is a planar diffused
silicon PIN photodiode combined in a single package with a low-noise FET
operational amplifier and equipped with a subtractive filter to provide a flat spectral
response (in terms of incident power) over a wide spectral region (from 400 to at
least 900 nm). A UDT-500 UV photodiode–amplifier combination (formerly
United Detector Technology, now Graseby Optronics, Orlando, FL) with a 1.00
cm2 active area was employed; similar suitable photodiodes are available nowadays
from other manufacturers. The UDT-500 UV was calibrated using a small He-Ne
laser (632.8 nm), whose power (e.g., 1.85 
 0.05 mW) was determined with a laser
power meter (e.g., at present, Model 1830-C, Detector 818-UV for the 100–1100
nm range; calibration factors for sensitivity in this wavelength range are supplied by
the manufacturer, Newport Corp., Irvine, CA). In the calibration, the laser beam
was passed through a 0.99% neutral density filter to prevent damage to the
photodiode surface. Uniform response across the sensitive portion of the
photodiode was ensured by moving the small laser beam spot to different locations
on the photodiode surface. This power response can be converted into a response in
terms of photons per second at any wavelength simply by multiplication by hc/λ, in
which h is Planck’s constant, c is the speed of light, and λ is its wavelength. The
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Figure 14 Apparatus used for direct actinometric determination of ECL efficiency.
(Adapted from Ref. 47.)
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quantum response is obviously wavelength-dependent, so one must convolute
the response curve with the emission spectrum in order to obtain an absolute
sensitivity factor for any particular system.

Determination of Φecl is made by locating the detector at a fixed, known
distance from the electrode and measuring the quantum flux incident on the
detector. The total intensity of emission equals the product of this flux and the
area of the grand hemisphere (2πr2) corresponding to the distance of the detector
from the RRDE. With this calibrated system, the total intensity divided by the
instantaneous disk current immediately yields the uncorrected Φecl. Several
corrections are required to determine the Φecl that represents the true number of
photons emitted per annihilation at the reaction site, and these introduce
considerable uncertainty into Φecl values. One concerns the reflectivity of the
electrode. Only a certain fraction of the photons emitted in the direction of the
electrode will be reflected into the lower hemisphere and be measured. The
reflectivity of the platinum electrode is a function of both wavelength and
potential. Moreover, reflectivity losses also occur for photons impinging on the
Teflon spacer of the RRDE. An assumption that approximately 55% of the
photons are lost by reflectivity effects in the blue (DPA-ECL) region has been
used [47], but obviously this number has a high uncertainty with it. Another
correction represents loss of photons and energy on passage through the test
solution. Some photons are absorbed by solution components (e.g., radical ions
and impurities) and not re-emitted. Others are absorbed by the fluorescer
molecules and are re-emitted. Losses occur here because for most fluorescers the
fluorescence quantum yield Φf is not unity, so that repeated absorption–re-
emission steps cause a progressive loss in photons. Moreover, this process causes
a spectral shift of the final emission to longer wavelengths and also leads to
further reflectivity losses [47,48]. This absorption correction depends on the
solute species, their concentrations, and the thickness of solution between
electrode and cell wall.

2. Spectral Recording

Spectral studies make up a large fraction of ECL investigation, but they have
usually been made with commercially available photon detection apparatus. We
intend only to discuss briefly some underlying concepts and the operational
principles of some of the most commonly used charge-coupled device (CCD)
detectors [49] and their particular features. We then illustrate some photometric
setups based on CCD cameras.

Various kinds of CCD cameras have traditionally been used to detect low
light levels: CCDs (front- or back-illuminated), intensified CCDs (ICCDs),
electron bombardment CCDs (EBCCDs), and one of the newest sensors, the
electron-multiplying CCDs (EMCCDs). With effective sensor cooling, CCD
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dark-current effects are negligible. As a rule, detector noise is cut in half by each
20°C drop in temperature. The extent of cooling required depends largely on the
longest integration time desired and the minimum acceptable signal-to-noise
ratio. CCDs are most commonly cooled by using a liquid nitrogen Dewar or by
attaching the device to a Peltier cooler. The choice depends on how low a
temperature the device must be operated at to achieve the desired performance.
A CCD sensor can achieve low readout noise of two to four electrons when
operated at slow readout speeds. At fast readout speeds, this noise increases. In the
front-illuminated mode of operation, incident photons must pass through a
passivation layer as well as the gate structure in order to generate signal. Because
of the absorption coefficient for short-wavelength photons in silicon, the quantum
efficiency of front-illuminated CCDs is poor in the blue and UV regions. To
increase short-wavelength quantum efficiency, the silicon wafer is thinned to
approximately 15 µm and mounted with the gate structure against a rigid substrate.
Light is incident on the exposed, thinned surface. The incident photons do not pass
through the front surface electrodes and passivation layers. An enhancement layer
and an antireflective coating may then be added to the back surface to increase
quantum efficiency. A multiphase pinned device can also be added to reduce or
eliminate the Si/SiO2 interface state contribution to dark current. This is a thinned,
back-illuminated, and multiphased pinned CCD.

Intensified CCDs consist of an intensifier tube over a CCD sensor. The
intensifier tube contains a multichannel plate with a high accelerating voltage across
it. Photoelectrons generated by incident light cascade down the plate, amplifying
the incident signal. This high electron gain effectively results in an ICCD readout
noise of less than one electron, enabling the detection of single photons. The
intensifier tube also provides a means of ultrafast gating of the camera. However,
quantum efficiencies of ICCDs are much less than those of CCDs. ICCDs have also
lower resolution and are more expensive than CCDs. The operation of EBCCDs is
very similar to that of ICCDs, but rather than having a vacuum they have no
microchannel plates situated between the sensor and the photocathode. Thus
EBCCDs have better resolution than ICCDs but have a limited lifetime because
overexposure caused by direct detection can damage the CCD sensor. Like ICCDs,
EBCCDs are complex and expensive and their quantum efficiency is limited by the
photocathode.

An EMCCD combines the tunable signal amplification typical of an ICCD
with the inherent advantage of a CCD, such as high and broad efficiency and high
spatial resolution. It is reliable and robust because it is an all-solid-state device.
Such advantages are very suitable for low-light imaging and spectroscopic
applications. An EMCCD achieves this sensitivity by using a unique electron-
multiplying structure, or gain register, built onto the silicon. The gain register is
inserted between the end of the sift register of the sensor and the output amplifier of
the CCD. Using impact ionization, or the avalanche effect, this structure multiplies

Experimental Techniques of ECL 55

Copyright © 2004 by Marcel Dekker, Inc.



Fan56

the charge packets from each pixel before they are read off the sensor. The signal is
multiplied by a suitably high gain (as high as 500) by the gain register before it
reaches the output amplifier of a conventional CCD with a typical readout noise of
a few electrons root mean square (rms), which produces insignificant levels of
effective noise of less than one electron rms at any readout speed. However, an
EMCCD has low temporal resolution, and its gain is highly dependent on the
temperature of the device. A cooler sensor provides greater gain multiplication.

As a summary, a conventional CCD with a large-area format is quite useful
for imaging and spectroscopic applications that require reasonably low readout
noise (approximately two electrons rms), long exposure times, low dark current,
and a wide field of view at high resolution. ICCDs should be used for low-light
applications that require fast (less than 100 µs) gated image capture, such as
time-resolved optical microscopy. In applications that require less than one
electron of effective readout noise and for which nanosecond resolution gating is
not necessary, such as single-molecule microscopy and chemiluminescence
detection, an EMCCD camera is ideal. These cameras can be used in any low-
light application in which nongated ICCDs or back-illuminated CCDs are used.

One CCD-based facility for measurements in the 230–1100 nm region, for
example, consisted of a Czerny–Turner normal incidence monochromator with
an f/9 aperture and a grating with a ruling frequency of 1200 lines/mm [50]. A

monochromator had two exits; the light beam could be focused on one or the
other of them by means of a rotating plane mirror at 45°. The CCD detector
(thinned and back-illuminated, multipinned phase, with a 512 � 512 format, a
24 µm � 24 µm pixel size, and a 12.3 mm � 12.3 mm overall area,
manufactured by Scientific Imaging Technologies, Inc., Tigard, OR) and the
calibrated photodiodes (Graseby Optronics, Orlando, FL) were mounted on the two
slits. The diodes were calibrated in the working wavelength region.

The quantum efficiency measurements were based on a comparison
between the signal integrated by the CCD and the one measured on the calibrated
photodiode. The latter is connected to a power meter that makes it possible to
measure the incident power in the range, e.g., from 10 pW to 1 mW. The CCD
total quantum efficiency ηCCD [50] is calculated by means of the equation

(10)

where SCCD is the integrated signal on the CCD [in analog-to-digital units
(ADU)], � is the conversion factor (e/ADU), texp is the exposure time (s), e is the
electron charge (1.6 � 10�19 C), Pph is the incident power measured on the
photodiode (W), E is the photon energy (eV), and R is the reflectivity of the
planar mirror.
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schematic diagram of the experimental setup is shown in Figure 15. The



Note that here ηCCD is defined as the product of the effective CCD
quantum efficiency, which is the fraction of incident photons producing one or
more e–h pairs that are collected in the pixel wells, multiplied by the electron
yield, which is the number of e–h pairs produced per interacting photon. Because
visible wavelength photons generate one e–h pair and more energetic photons
generate one e–h pair for each 3.65 eV of energy [51], the effective CCD
quantum efficiency QECCD can be determined as

QECCD � ηCCD, E � 3.65 eV (or λ � 340 nm)

QECCD � (3.65/E) ηCCD, E � 3.65 eV

The results of the quantum efficiency measurements (performed at a
cooling temperature of �30°C on the CCD with a multistage Peltier device)
with this photometric system in the near-infrared and the visible ranges are

rms because of the contributions of the errors to the calibrated photodiode
quantum efficiency (3% in the visible range and 5% in the UV range), to the
conversion factor of the CCD (2%), and to the measured incident power (1%).
The maximum sensitivity is ~60% at 650 nm for this tested CCD, lower than
typical values for CCDs with antireflection coating. In fact, the antireflection
coating would increase the response in the visible region, but it would strongly
absorb the UV radiation, causing a dramatic decrease in the response in the UV
region.
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Figure 15 Experimental setup for spectral recording in the 250–1100 nm spectral
region. (Adapted from Ref. 50.)

11
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shown in Figure 16. The statistical uncertainty of the data is from 3% to 6%



Because the ECL emission is sometimes quite weak and its intensity is
often time-dependent, high light-gathering power, high QE (of the detector),
and fast spectral recording speed are very desirable characteristics for the
photometric system. In our lab, a CCD camera (e.g., Model CH260,
Photometrics Ltd., Phoenix, AZ) is used for ECL imaging, intensity

the system used for light measurement [52]. The total integrated light
intensities were obtained on the CCD camera by focusing it on the electrode
surface using a 100 mm Pentax macro lens. The integrated intensities were
then obtained by calculating the average intensities of each pixel of the focused
image (Fig. 17a). ECL spectra were recorded using a Chemspec 100S
(American Holographic, Littleton, MA) spectrometer (focal length 10 cm). The
spectrometer was positioned such that the diffracted image was focused on the
CCD detector (Fig. 17b). The camera was operated at �100°C (liquid nitrogen
cooling), and all exposures were corrected for any dark or background current.
For the ECL efficiency measurements, the potential was stepped to the first
anodic peak potential, Epa, for 0.5 s and then to the first cathodic peak
potential, Epc, for 0.5 s or vice versa. The camera recorded all light output
from the electrode during excitation, and the cathodic current was integrated
for the double pulse.

For spectral measurements, the potential of the working electrode was
pulsed continuously between Epa and Epc with a pulse width of 0.5 s at a
frequency of, e.g., 10 Hz. An exposure time of, e.g., 2 s or longer for weak
ECL intensity was then used by the camera to give the resulting spectra. The
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Figure 16 Effective quantum efficiency in the 230–1100 nm spectral range. (Adapted
from Ref. 50.)

Copyright © 2004 by Marcel Dekker, Inc.

integration, and spectral recording. Figure 17 shows the two arrangements of



spectrometer was calibrated using an Hg-Ar or mercury test lamp (e.g., Ultra-
Violet Products, San Gabriel, CA). Experiments were performed in a dark

fluorescence spectrum of BPQ-PTZ in benzene–ACN (1.5:1) mixed solvent
and the ECL spectrum of BPQ-PTZ in the same solvent containing 0.1 M
TBAP as supporting electrolyte during repeated pulsing (pulse width � 0.5 s)
between 0.72 and �2.15 V (vs. SCE) [13].

III. COMBINING ECL WITH OTHER TECHNIQUES

Carrying out ECL experiments in combination with other techniques, e.g.,
scanning probe microscopies (SPMs) and stopped-flow techniques, greatly
increases the difficulty of the experiment. However, it supplies more
independent information, e.g., topographical, spatial, and temporal resolutions of
current and luminescence data, and makes it possible to observe explicitly the
electron and energy transfer reactions in solutions.

A. ECL on an Ultramicroelectrode and Single-Electron
Transfer Event

Electron transfer theories [53] predict that the highly exothermic production of
the ground states proceeds in the inverted region. This allows the formation of the
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Figure 17 (a) Schematic diagram of the experimental setup for ECL imaging and light
integration with the CCD camera. (b) Setup for ECL emission spectroscopy. (Adapted
from Ref. 52.)

Copyright © 2004 by Marcel Dekker, Inc.

room and care was taken to eliminate stray light. Figure 18 shows the



excited state to be kinetically competitive with other nonradiative pathways that
are predicted to occur near the diffusion-controlled limit. Time-resolved
fluorescence quenching has commonly been used to measure the rates of formation
of the separated radical ions and ground-state donor and acceptor molecules in the

transfer rate to re-form the emitting excited state, however, is not readily accessible
from such experiments. This value can be obtained from the ECL provided the
ECL efficiency and total rate of ion annihilation (kannih) are known.

As carried out in Collinson and coworkers’ experiments [14,25], high-speed
electrochemical and photon detection techniques were used to monitor the real
time rate of ECL generation of several compounds, e.g., DPA. In these

stepped between the oxidation and reduction potentials of DPA to alternatively
generate the radical ions. The cation and anion radicals react in a thin plane at a
point where the inward and outward fluxes meet and subsequently produce light.
The ECL intensity was monitored with a Hamamatsu 4632 PMT. A high-voltage
power supply (Bertan Series 230) applied �800 V to the PMT. The PMT signal
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Figure 18 Fluorescence spectrum (20 µM) of BPQ-PTZ in benzene/ACN (squares) and
ECL spectrum of 1 mM BPQ-PTZ in 0.1 M TBAP in benzene/ACN with pulsing (0.5 s)
between 0.72 V and �2.15 V (vs. SCE). (Adapted from Ref. 13.)
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photoinduced electron transfer reactions (see, e.g., Ref. 54). The back electron

experiments, a microelectrode in a flow cell (see Section II.A) is continuously



Experimental Techniques of ECL 61

was amplified by a fast preamplifier (EG&G Ortec VT120A, 150 MHz bandpass,
200 gain), and the output was directed to the discriminator of a multichannel scaler
(EG&G Ortec T 914). The discriminator level was set at �600 mV. A Wavetek
Model 143 function generator applied a symmetric square wave to a silver counter
electrode and triggered the multichannel scaler. The microelectrode was connected
to the current amplifier. Particularly worthwhile to stress is that these short time
steps (or high square-wave frequencies) are not suitable for larger electrodes,
because the current during the step is dominated by double-layer charging and the
electrode potential does not follow the applied potential step waveform.

To ensure that the electrode potentials are chosen so that the cation and anion
radicals are produced at a diffusion-controlled rate at all frequencies following
frequency selection of the square wave, the cathodic and anodic potentials were
adjusted so that they roughly correspond to those of the redox potentials for the

potential waveform applied to a gold disk (radius 5 µm) and the resulting
luminescence from a 0.6 mM DPA solution. Two pulses of light are observed from
each cycle. When the potential is stepped positive, the cation radical reacts with
the anion radical formed in the previous step in a reaction zone lying near the
electrode surface. As described previously [1], the light increases sharply as the
diffusion layers meet and then decays as the reactants are depleted. If the cation
and anion radicals are stable during the time scale of the experiment, equal-size
light pulses should be obtained on the forward and reverse steps. Increasing the
frequency of the applied square wave usually results in more equivalent
luminescent curves. As shown in Figure 19, at ~1 kHz a slightly smaller pulse of
light is observed when the electrode is stepped from a negative to a positive
potential, indicating that the DPA anion is less stable than the cation on this time
scale. At ~20 kHz, both the cation and anion radicals are stable, as can be seen
from the equivalent light pulses.

When the dimensionless kinetic parameter λk � kannihtfC approaches
infinity, the reaction layer is an infinitely thin parallel plane that moves nearly
linearly away from the electrode surface with time. This plane of light broadens
and becomes Gaussian-like as λk decreases. When λk drops below 1000, i.e., when
tf and C are significantly reduced, the transfer from diffusion to kinetic control
begins and distinct changes in the width and the shift in the peak maximum of the
ECL–time curves become apparent. The kannih can be theoretically evaluated from
the characteristic shapes of ECL–time curves in dilute solutions and at reduced

show only some comparisons of the simulated curves to the experimental data with
a kannih of 2 � 1010 M�1s�1

observations, the simulation predicts certain features in the data such as the delay
time in the initial ECL and the diminished amplitude and increased breadth of the
ECL curve with decreasing step time. The delay time is due to the electrochemical

Copyright © 2004 by Marcel Dekker, Inc.

step times (cf. Chapter 3 for detailed theoretical discussion). For illustration, we

generation of the cation and anion radicals. Figure 19 shows two cycles of the

in Figure 20 [25]. Roughly agreeing with experimental



time constant (the product of the double-layer capacitance and the uncompensated
solution resistance), whereas the diminished amplitude and increased breadth are
due to the finite ECL kinetics. The simulation, however, does not predict the slow

step time is decreased from 48 to 5 µs. Similar results were obtained with Au or Pt
disk electrodes (radius 3–10 µm), with different solvents and with half the
electrolyte concentration. However, the shape of the ECL curve is dependent on
the concentration of DPA. At higher concentration, e.g., 5.8 mM, distinct
oscillation in the ECL intensity can be observed on the decaying emission. These
features have been attributed to the direct interaction of the emission with the metal
electrode due to the close proximity of the light-emitting species to the metal
electrode surface [55]. These effects were least apparent with carbon fiber
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Figure 19 Potential waveform with the corresponding ECL curves from 0.6 mM DPA
at a gold disk (radius 5 mm) in ACN containing 0.2 M TBAPF6 at two different
frequencies. The ordinate represents the number of counts collected during 1 ms time bins.
The luminescence curves were summed 100 times. (Adapted from Ref. 14.)
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rise in emission or the substantially lower amplitude evident in Figure 20 as the



microelectrodes due to their low reflectivity and density of states. In this case,
diffusion-controlled kannih of 2 � 1010 M�1s�1 was measured for DPA in ACN
and 4 � 109 M�1s�1 for DPA in propylene carbonate, a more viscous solvent.

In a later experiment [56], the DPA concentration was decreased to 15 µM
and the temporal resolution to the nanosecond regime. In this case, an
unsymmetrical waveform (a 500 µs anodic pulse followed by a 50 µs cathodic
pulse) was used. The emission occurred predominantly during the shorter

sea of DPA radical cations generated in the anodic pulse. When the photons were
counted over 1 s intervals, no evidence for individual reaction events was
observed. The ensemble average of the counts detected during 1000 cathodic
voltage pulses also masked individual reaction events but revealed that the
luminescence approached steady state (Fig. 21d). When events during a single
cathodic pulse were viewed with greater temporal resolution (i.e., bin size of 5
ns), photons resulting from individual reactions were revealed (Figs 21e and
21f). Virtually no background photons were detected, so the corrections were

Experimental Techniques of ECL 63

Figure 20 Normalized ECL from 0.38 mM DPA in ACN containing 0.1 M TBAPF6 at
a Pt disk (radius 1 µm) (solid lines) and corresponding simulated curves (dashed lines) as
a function of frequency of potential pulse. Simulations for kannih � 2 � 1010 M�1s�1 and
double-layer charging time constant, RCdl, of 0.10 µs. (Adapted from Ref. 25.)
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cathodic pulse (Fig. 21) as the electrogenerated radical anion diffused into the
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unnecessary. Thus, the individual photon counts shown in Figures 21e and 21f
resulted from single chemical reactions between individual DPA radical ions in
solution.

The stochastic nature of these events was characterized in two ways. First,

Such a histogram for random events should be an exponential whose frequency f
gives the mean rate of the events [57]. The value of f from the exponential was in
excellent agreement with the mean rate of photon arrival obtained by ensemble
averaging data from repetitive cathodic pulses. Second, the data followed a Poisson
distribution (Fig. 22b):

Pm(t) � e�nft(ft)m/m! (12)

where m is the number of cathodic pulses evaluated.

Figure 21 Temporal resolution of single-reaction events. (a) Chemiluminescence from
a bolus of 15 µM DPA in ACN containing 0.1 M TBAPF6. The electrode was a gold disk
(radius 5.4 µm) pulsed from 1.7 to �2.1 V at 550 µs intervals. Data collected during the
time interval between 50 and 200 s have been expanded through a successive decrease in
the bin size from 1 s (a) to 1 µs (b), 100 ns [(c) and (d)], and 5 ns [(e) and (f)]. The double-
layer capacitance (14 pf) and the solution resistance (75 kohm) were used to calculate the
rise time of the voltage pulses shown in (d) and (e). The curve shown in (d) is an ensemble
average of events measured during 1000 cathodic pulses. (Adapted from Ref. 56.)
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a histogram of the time between individual photons was constructed (Fig. 22a).



Experimental Techniques of ECL 65

Figure 22 Poisson description of single-reaction events obtained in ACN solution
containing 31 µM DPA. (a) Histogram (7000 inter-event times and a bin size of 20 ns) of
interarrival times; (b) histogram (375 voltage pulses and a bin size of 0.8 counts/µs). The
counts used were from the last 25 µs of the voltage pulse where the emission rate is
pseudo-steady state. Dashed line: (a) exponential fit to data with rate of 205 counts/50 µs

Insert: Plot of relative f values (f normalized by DPA concentration and electrode area and
given as a ratio of the highest value) obtained from Poisson distribution. Data were
obtained with electrodes of radii of 5.4 or 2.5 µm. (Adapted from Ref. 56).
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and (b) Poisson fit to data with rate of 200 counts/50 µs. Other conditions as in Figure 21.
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The value of f was similar to that obtained in the exponential distribution. The
measured value of f should be a function of the generation rate and diffusion of the
radical ions, the rate and efficiency of the light-producing chemical reaction, and the
photon collection efficiency. At concentrations greater than 20 µM, f, normalized by

of the mean photon rate (accounting for the detection efficiency) and the mean rate
of generation of radical anions during each cathodic pulse directly yields the
probability of a reaction generating a photon, i.e., Φecl. At the high
concentrations, this ratio yields a value of Φecl of 6%, in good agreement with
values reported for DPA in acetonitrile [1]. At lower concentrations, the
normalized value of f decreases (inset, Fig. 22b).

In a later experiment, Wightman et al. [58] used the chemiluminescence
arising from reaction of electrogenerated intermediates of DPA to generate
images of microelectrodes with dimensions in the micrometer range. Lateral
resolution was controlled by the use of rapid potential pulses that maintain the
reaction zone in close proximity to the electrode. The solution employed, BN
containing 0.1 M TBAPF6, promotes high intensity because it enables
dissolution of a high concentration (�25 mM) of DPA. In addition, radical
anions of BN serve as a reagent reservoir to ensure efficient reaction of DPA
radical cations to form the singlet excited state. Under such conditions, the
measured ECL intensity could reach 3.2 � 105 photons/s per square
micrometer of electrode area with a 1 kHz square-wave excitation. The images
reveal that the electrode areas have quite different topography than that
inferred from steady-state cyclic voltammograms.

B. Dual-Electrolysis Stopped-Flow ECL Method

If the ECL is observed in the reaction between the cation and anion radicals of
an identical precursor, the reaction scheme is relatively simple as shown in
Eqs. (13) and (14).

R�• � R�• → 1R* � R (13)
1R* → R � hν (14)

For observation of ECL between cation and anion radicals of different
precursors, however, there has been a significant restriction that arises from the
energy levels of molecules when conventional methods such as the potential
step method with a single electrode and the RRDE method are used. For
example, it is very difficult to observe the reaction between the DPA radical
anion (DPA�•) and rubrene radical cation (RU�•) by conventional techniques,
because the reduction of rubrene, which is concurrent with the reduction of
DPA, interferes with the observation of the reaction between DPA�• and RU�•.
Thus, for the reactions between different kinds of radical ions, ECL has been
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concentration and electrode area, was essentially constant (inset, Fig. 22b). The ratio



unambiguously observed only for “energy-deficient” systems, e.g., the
reaction between N,N,N′,N′-tetramethyl-p-phenylenediamine cation radical
(TMPD�•) and DPA�• [1].

To make ECL measurements on “energy-sufficient” systems composed
of different kinds of radical ions, Oyama and Okazaki [59,60] developed a
novel technique using a pulse-electrolysis stopped-flow method using dual
electrolysis columns. In this apparatus, after generating cation and anion
radicals separately, the ECL was observed in an optical cell, and hence various
energy-sufficient systems can be studied, including short-lived species. The
cross-sectional view of the dual electrolysis stopped-flow cell is shown in
Fig. 23a. Carbon wool (CW) with a feltlike structure was used as the working
electrode. It was packed tightly in a microporous glass diaphragm tube (PG, 35
mm length � 6 mm i.d.). The CW was contacted electrically with a Pt wire
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Figure 23 Schematic diagram of the cells for ECL measurements. (a) Cross-sectional
view of dual electrolysis stopped-flow cell. CW, carbon wool working electrode; PG,
porous glass tube; WE, Pt lead wire to carbon wool working electrode; CE, Pt wire counter
electrode; JM, jet mixer; OC, optical cell; OF, optical fiber; SS, sample solution; CS,
counter solution. (b) Cross-section, view of optical cell for ECL observation. OF, optical
fiber; QW, quartz window; JO, jet-mixing optical cell. (c) Top view of the jet-mixing
optical cell in (b). (Adapted from Ref. 60.)
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(WE, 0.3 mm diameter) wound around the PG, which served as a counter
electrode (CE). By using these column electrodes, a solution of cation radical
can be generated quantitatively within a short time in one column and that of
the anion radical in the other. Both constant-current and controlled potential
pulse electrolyses could be performed with reference electrode attached on the
back of the electrolysis columns.

For the ECL observation, a jet mixing optical cell (JO) as shown in

from the point where the two solutions were mixed, so that high-sensitivity
measurement could be carried out. Both a photon-counting system and an
image-intensified multichannel photodiode array detector (II-MCPD) were
employed. The former was used to monitor the time course of the ECL
intensity, and the latter for spectral recording. These two detection systems, the
electrolysis cell, and the stopped-flow apparatus were constructed with the
assistance of Unisoku Co. Ltd. (Hirakata, Japan). All solutions used in the ECL
measurements were carefully degassed. For each solution, using a flask with
two stopcocks, the oxygen was removed and replaced with nitrogen with a
vacuum pump.

Oyama and Okazaki demonstrated the capability of their apparatus by
studying the ECL of an energy-sufficient system, e.g., observing ECL
between DPA�• and RU�•, which has been difficult with conventional
methods because RU is more easily reduced than DPA. In Figure 24 curve A
is the emission spectrum of the ECL reaction between DPA�• and DPA�• the
emission from 1DPA* was clearly observed. For the reaction between DPA�•

and RU�•, the ECL was successfully observed by preparing the solutions of
RU�• and DPA�• independently and mixing them directly. In this case, the
observed emission spectrum was that from 1RU* (see Figure 24, curve B),
suggesting that the ECL was generated through the reaction scheme expressed
by the equation

RU�• �  DPA�• →  1RU*  �  DPA (15)

Fan68

Figure 24 Emission spectra from (A) 1DPA* and (B) 1RU*. (Adapted from Ref. 60.)
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Figure 23b was used. This cell was designed to collect the emission directly



Five other energy-sufficient systems—RU�•–PY�• (pyrene radical anion),
DPA�•–RU�•, RU�•–TH�• (thianthrene radical cation), TH�•–DPA�• and
DPA�•–PY�•—were also studied by the proposed technique, and the results
indicated that the ECL was emitted from the lower available singlet state after
the direct electron transfer [60].

C. ECL/Scanning Electrochemical Microscopy/Scanning
Optical Microscopy

We describe here the generation of visible light by the ECL technique at a
scanning electrochemical microscope (SECM) [61,62] tip as the tip is moved
in the vicinity of a substrate. Detection of ECL emission by this technique has
potential applications to elucidation of the mechanisms of light-generating
reactions and in scanning optical microscopy. ECL generation at UME tips can
be accomplished either by the radical annihilation approach (in nonaqueous
solvents) [14,63] or by a coreactant route (also applicable in aqueous
solutions) [64,65].

1. Instrumentation and Methods

and other forms of SPM [66], the UME tip is moved and positioned with high

bipotentiostat for controlling the tip and substrate potentials and generating
current are similar to those employed in SECM. These electrochemical
components combined with the positioning techniques used in SPM allow for
manipulating a tip (or substrate) and measuring the current at high spatial
resolution. The ECL intensity can be measured with a PMT (e.g., Hamamatsu
R4220p or R928p) and a photon-counting system (e.g., Model C1230,
Hamamatsu Corp., Middlesex, NJ) or with a PMT–electrometer (e.g., Keithley
6517 electrometer) combination. Approach curves in which the current and
ECL intensity varied as functions of tip–substrate separation d are performed.
Monitoring tip current and ECL intensity could be useful in approaching the
tip to the substrate and supplying information on d. Constant-height current
and optical images could be obtained by maintaining d and rastering the tip
along the surface. In this case, sharpened UME suitable for SECM
experiments, e.g., sharpened glass-encapsulated Pt disks, can be used as the
tips. These tips can be prepared on the basis of the procedures described
previously [61,62].

However, to bring the tip very close to the substrate surface, shear force,
e.g., tuning fork–based, or another sensing method may be required to allow
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The basic principles of the experiment are illustrated in Figure 25. As in SECM

resolution by piezoelectric elements. The ECL cell (Fig. 26a) and



scanning at near-field distances. The block diagram of a custom-built apparatus

In this apparatus, a tuning fork–based shear force sensor [67] is used to monitor
and control the tip-to-substrate separation. Briefly illustrated, the tuning fork is
dithered laterally along the substrate surface at its resonant frequency by an
attached piezoelectric element, and the alternating current (or voltage) output
of the tuning fork is detected with a phase-sensitive technique. Interaction of
the tip, which is attached to one prong of the tuning fork, with a surface causes
a decrease in the amplitude of the oscillation. This signals when the tip touches

and ECL measurements, a tip that is well-insulated (except at the very end) is
extended beyond the end of the tuning fork by ~1 mm. A thin layer (~0.5 mm)
of solution is used in the experiment, and only the tip is immersed in the
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Figure 25 Schematic diagram illustrating the operating principles of ECL generation at
an SECM in the alternating potential pulses mode. ECL is generated by the annihilation
scheme R�� � R�� → 2R � hν and is detected by a PMT after attenuation by the
substrate. (Adapted from Ref. 64.)
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used in our lab [65] for ECL imaging and measurement is shown in Fig. 26b.

the surface (also see Section III.D.1 for more discussion). For electrochemical



solution, while the tuning fork remains in air to maintain its sensitivity. A
LabVIEW (National Instruments, Austin, TX) program is used to control the
approach and scanning of the tip over a substrate and to acquire the data.

SECM/ECL tips used in tuning fork–based shear-force sensors have at
least three major restrictions: They need to be a good electrode material, i.e.,
have well-behaved electrochemical activity for reactants, well-insulated except
at the very end and the part not immersed in the solution, and not too stiff,
which would reduce the sensitivity of the tuning fork considerably. Tips
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Figure 26 (a) Electrochemical cell for the four-electrode configuration. WE, working
electrode (substrate); CE, counter electrode; RE, reference electrode; Tip, SECM tip. (b)
Block diagram of apparatus used in the ECL imaging experiments. (Adapted from Ref. 65.)
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satisfying these three criteria, with effective diameters from several
nanometers to several micrometers and suitable for ECL experiments in aqueous
solutions, have been successfully prepared based on the procedure reported
previously [65,68,69]. Briefly described, a fine (25 or 250 µm diameter) Pt wire
electrochemically etched or an Au-coated thin optical fiber was coated with
electrophoretic paint anodically. After heating at ~160°C, an exposed conical or
ring-shaped sharp apex was naturally formed.

2. Kinds of Experiments

The Ru(bpy)3
2� system is used in most experiments described here. It is quite

possible to apply similar techniques to other systems. One experiment
demonstrates the well-behaved electrochemistry of Ru(bpy)3

2� at the tip in

Ru(bpy)3
2� in ACN containing 0.2 M TBABF4 as the supporting electrolyte at a

Pt UME (radius a � 12.5 µm) show three reduction waves at half-wave
potentials of E1/2 � �1.30, �1.49, and �1.73 V vs. SSCE corresponding to the
reduction of Ru(bpy)3

2� to the �1, 0, and �1 species. The oxidation of
Ru(bpy)3

2� to Ru(bpy)3
3� occurs at E1/2 � 1.32 V vs. SSCE. As the tip is moved

close to the ITO substrate biased at �0.30 V vs. SSCE (d � 0.5a, where d is the
separation between tip and substrate), the steady-state tip current iT increases to
about twice the magnitude of iT,∞, the steady-state tip current when the tip is far
from the substrate (compare curve 2 with curve 1 of Fig. 27a). This positive
feedback effect is further depicted in the SECM tip approach curve (Fig. 27b), in
which the tip is biased at 1.60 V vs. SSCE to oxidize Ru(bpy)3

2� to Ru(bpy)3
3�

while the substrate is biased at �0.30 V vs. SSCE to reduce Ru(bpy)3
3� back to

Ru(bpy)3
2�, which diffuses back to the tip. As the tip is moved toward a

properly biased conductive substrate surface, iT increases with decreasing d, as
expected from the theory [61]. This experiment supplies information on d and
may also suggest the reaction kinetics.

a. ECL Generated by Annihilation Scheme. To generate ECL by an
annihilation scheme, as discussed in Sections II.B.2 and III.A, one can
continuously apply an alternating sequence of potential pulses between 1.60 and
�1.40 V vs. SSCE where Ru(bpy)3

3� and Ru(bpy)3
� are sequentially generated

at the surface of the tip. A strong and nearly steady (by using a current follower
having a reasonably long time constant) ECL intensity can be achieved through
the annihilation reaction

Ru(bpy)3
3� � Ru(bpy)3

� → 2 Ru(bpy)3
2� � hν (16)

accompanied by several cycles of square-wave potential of 5 ms pulse width (τ).
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SECM experiments. As shown in Fig. 27a, cyclic voltammograms of 1 mM

Figure 28 shows typical waveforms of the tip current and ECL intensity



An almost constant ECL intensity was obtained due to the electronic filtering of
the light-measuring circuit, which had a time constant of ~0.5 ms. The shape of
the tip current wave was not distorted by the current-measuring circuit and
followed the current transient behavior for UME reasonably well except in the
short-time-scale region where double-layer charging is important [70].
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Figure 27 (a) Cyclic voltammograms of 1 mM Ru(bpy)3
2� in 0.2 M TBABF4/ACN

solution at a Pt microdisk electrode (radius 12.5 µm) with the tip far from an ITO substrate
(curve 1) and 6.25 µm from the substrate (curve 2). Scan rate, 5 mV/s. (b) Dependence of
tip current on relative tip displacement over an ITO substrate (substrate potential Es �
�0.30 V vs. SSCE). The solution and tip were the same as those in (a). The tip was biased
at 1.60 V vs. SSCE. The tip was moved to the substrate at a speed of 0.3 µm/s. Solid curve
is experimental data, and squares are simulated data for a conducting substrate. (Adapted
from Ref. 64.)
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The ECL intensity increased monotonically with decreasing pulse width
in the range of τ studied (50 µs to 10 ms). It was proportional to the inverse
square root of τ when τ was greater than 0.5 ms. Triple-step ECL experiments
have previously shown that the total photonic emission rate (einsteins/s) I can
be evaluated from the Faradaic charge passed in the forward step Qf, the
coulometric efficiency Φc, and the pulse width τ, through Eq. (3). For a coplanar
microdisk electrode, Qf is well approximated by [70]

Qf � 4nFCR*aDR[τ � 2a(τ/πDR)1/2] (17)

where n is the number of electrons involved in the redox reaction and CR* and
DR are the bulk concentration and diffusion coefficient of the reactant. Because
I is constant or a very slowly varying function of time, combining Eqs. (3) and
(17) gives

I � 2naDRCR* Φc[1 � 2a/(πτDR)1/2] (18)

Thus, if there are no other complications, ECL intensity is expected to increase
linearly with the concentration of the luminescent reactant and quadratically with
the tip radius and with the inverse square root of τ, as is reasonably confirmed
experimentally when τ � 0.5 ms. However, deviation from this relation occurs
at very short τ, perhaps because of interference from double-layer charging.
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Figure 28 Typical waveforms of tip current (squares, curve C) and ECL intensity
(pluses, curve B) accompanied by several cycles of square-wave potential of 5 ms pulse
width (solid line, curve A). The solution contained 1 mM Ru(bpy)3

2� in 0.2 M
TBABF4/ACN. Tip and substrate (Es � �0.30 V vs. SSCE) were the same as those used

Copyright © 2004 by Marcel Dekker, Inc.

in Figure 27. (Adapted from Ref. 64.)



The ECL intensity with the tip close to either an insulating or a
conductive substrate will be different from that in bulk solution because of
hindered diffusion and feedback effects. It was observed [64] in a multicycle
pulse (τ � 10 ms) experiment that the ECL intensity was nearly steady as the
tip approached a substrate (insulating or conductive) until it was a few tenths of
the tip radius (d ~ 0.3a ~ 0.4 µm) away from the substrate surface. The ECL
intensity then decreased sharply and almost linearly with decreasing d. This
behavior is quite different from that of the iT vs. d curve normally observed in
SECM. For an insulating substrate, iT at a constant tip bias decreases smoothly
over a distance of a few tip radii before the tip reaches the substrate surface. For
a properly biased conductive substrate, iT increases nearly inversely with
decreasing d. Although exact mathematical descriptions of these experimentally
observed (ECL intensity vs. d) curves are still not established, qualitative
rationalization of their shapes is possible by comparing the pulse width with the
diffusional transit time td, expressed as d2/DR. In the annihilation scheme, the
ECL intensity depends on the annihilation reaction, Eq. (16), occurring in a
reaction zone near the tip electrode. For a given τ, this zone has a thickness of
about (2DRτ)1/2. As long as this thickness is small compared to d, the ECL at
the tip will not sense or be appreciably perturbed by the presence of the
substrate. At a distance where d2/2DR is larger than τ, ECL intensity is
dominated by the diffusion layer developed at the tip during the time of the
potential transient. Over this distance range, the ECL intensity depends mainly
on τ and is essentially independent of distance. Conversely, when d is so small
that d2/2DR is smaller than τ, the effect of the substrate on the response becomes
important. The ECL intensity in this distance range will depend strongly on d,
with the transition from one regime to the other occurring at a distance near
(2DRτ)1/2, which is ~5 µm for τ � 10 ms and DR � 1.2 � 10�5 cm2/s.

b. ECL Generated by Coreactant Scheme. As in conventional ECL
experiments, an alternative method of generating ECL for an ECL/SECM
experiment involves the use of a coreactant, e.g., generating Ru(bpy)3

3� in the
presence of oxalate [71] or tripropylamine (TPrA) [15,72]. This allows ECL to
be generated at a constant (rather than alternating) potential and permits the use
of either a nonaqueous or aqueous solution [73]. This scheme is quite useful for
ECL/SECM imaging because steady-state ECL can be obtained as discussed
below.

In a 0.2 M TBABF4 ACN solution containing only 1 mM Ru(bpy)3
2�, a

wave corresponding to the oxidation of Ru(bpy)3
2� occurs at E1/2 � 1.32 V vs.

produces a voltammogram (curve B, Fig. 29a) with a new additional wave at E1/2

� 1.10 V, which is coincident with the oxidation wave observed in a 0.2 M
TBABF4 ACN solution containing 1 mM TPrA (curve C, Fig. 29a), suggesting
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SSCE (curve A, Fig. 29a). The addition of 0.5 mM TPrA to this solution



that the oxidation wave at E1/2 � 1.10 V corresponds to the direct oxidation of
TPrA. By scanning the tip potential to where both TPrA and Ru(bpy)3

2� are
oxidized (~ 1.2 V vs. SSCE), a fairly strong and steady ECL intensity can be
observed (curves a, b, and c, Fig. 29b). Note that significant ECL intensity is
detected at potentials only where Ru(bpy)3

2� is oxidized. The reaction

involve the catalytic oxidation of TPrA by the electrogenerated Ru(bpy)3
3�

various coreactant schemes.
T and ECL intensity

over a biased conducting substrate, such as ITO, in an ACN solution containing
1 mM Ru(bpy)3

2�, 20 mM TPrA, and 0.2 M TBABF4 as the supporting
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Figure 29 (a) Cyclic voltammograms of 1 mM Ru(bpy)3
2� in 0.2 M TBABF4/ACN

solution (curve A) at a Pt microdisk electrode (radius 12.5 µm), (curve B) after addition
of 0.5 mM TPrA to the solution used in (a), and (curve C) in a 1 mM TPrA/0.2 M
TBABF4/ACN solution. Scan rate, 5 mV/s. (b) Cyclic voltammograms at the same Pt
microdisk in ACN solutions containing 1 mM Ru(bpy)3

2�, 0.2 M TBABF4 as the
supporting electrolyte, and 3.5 (curve 1), 6.5 (curve 2), and 12 mM (curve 3) TPrA. The
corresponding ECL (intensity vs. potential) curves are shown for (a), 3.5; (b), 6.5; and (c),
12 mM TPrA. Kcps: kilocounts per second. (Adapted from Ref. 64.)
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[15,72]. Refer to Chapter 5 for detailed discussions on the mechanisms of

responsible for ECL generation in this potential region is generally believed to

In Figure 30 we show the distance dependence of i



electrolyte. As shown, when the tip (a � 12.5 µm) was biased at �2.1 V vs.
SSCE to oxidize both TPrA and Ru(bpy)3

2� and the substrate was biased at
�0.30 V, ECL intensity decreased monotonically as the tip approached the ITO
surface because of the SECM “negative feedback” of TPrA oxidation due to its
irreversibility. However, iT decreased to a minimum and then increased as the tip
came even closer to the ITO surface before it contacted the surface. The final
increase in iT could be attributed to the SECM “positive feedback” and TPrA
catalytic effect of Ru(bpy)3

2� oxidation. The histograms of ECL intensity
recorded for three different gap separations between the tip and ITO substrate
(points A, B, and C in Fig. 30) showed distributions of ECL intensity spikes
characteristic of discrete random events [74]. The probability density functions
of all three ECL intensity distributions followed the Poisson density function,
Eq. (12). As the tip approached an insulating substrate such as a quartz plate,
both ECL and iT decreased monotonically with decreasing distance, as expected
for the “negative feedback” effect of SECM.

c. ECL Imaging. One of the purposes of the ECL imaging technique is to
explore the possibility of using an ECL probe as a small light source for optical
imaging. As a demonstration, Pt UMEs of various effective radii were used as
an ECL probe to image optically an interdigitated array (IDA) consisting of Au
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Figure 30 Distance dependence of ECL intensity (curve 1) and tip current (curve 2)
over a conducting substrate (ITO) in an ACN solution containing 1 mM Ru(bpy)3

2�, 20
mM TPrA, and 0.2 M TBABF4 as the supporting electrolyte. The tip (Pt, radius 12.5 µm)
was biased at 2.1 V vs. SSCE and the substrate at �0.30 V vs. SSCE. kcps: kilocounts per
second. (Adapted from Ref. 64.)
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Figure 31 (a) Constant-height ECL image and its cross section of an IDA consisting of
Au bands (30 µm wide) spaced 25 µm apart deposited on a glass substrate. Tip size, 25 µm
diameter. Tip-to-substrate distance, ~5 µm. Data acquisition time, ~10 min. (b) Cross section
of a constant-height ECL image of the same IDA. Tip size, ~2 µm diameter. Tip-to-substrate,
~1 µm. (c) Cross section of an ECL near-field image of the same IDA. A tuning fork–based
shear force sensor is used to control the tip-to-substrate separation of ~24 nm. Effective tip
size is 155 nm diameter. Data acquisition time for one line is ~ 25 s. (Adapted from Ref. 65.)
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bands (~ 30 µm wide) spaced 25 µm apart deposited on a glass substrate [65].

electrode. The image was obtained with the distance between tip and substrate
adjusted to a certain value using SECM feedback in 1 mM Ru(NH3)6

3�

solution; this was then replaced by 1 mM Ru(bpy)3
2�/0.1 M TPrA/0.15 M

phosphate buffer solution (pH 7.5) before imaging. During, lateral scan of the
tip position for imaging, the tip was held at a constant height (~5 µm) above the
substrate and the ECL intensity was monitored with a PMT located underneath
the substrate. The edge of the sharpness of the signal obtained manifests the
resolution of a microscope. The resolution obtained in Fig. 31a, although it
demonstrates the capability of this technique for imaging is quite low owing to
the large size of the tip. When a 1.0 µm radius Pt UME was used as the probe
and the tip-to-substrate distance was held at ~1 µm, the ECL image resolution
increased significantly, as shown in Fig. 31b.

To improve the resolution further to the submicrometer range and bring it
closer to the near-field regime (50–150 nm), both the tip size and the
tip–substrate distance need to be reduced greatly. For very small tips, force or
other sensing methods may be required to allow scanning of the tip at close
distances. Fig. 31c shows the cross section of the ECL image of one edge in the
IDA structure using a 155 nm diameter (effective) Pt tip. A tuning fork–based
shear force sensor was used to sense the substrate surface and control the tip-to-
substrate separation [65]. The resolution was dramatically increased compared to
that obtained using the micrometer-sized tips (Figs. 31a and 31b). The width of
the ECL signal across the edge of the glass/gold bands was ~230 nm, close to
about one-third of the wavelength of the ECL emission wavelength maximum
(~645 nm) for the Ru(bpy)3

2�/TPrA system.
An interesting technique developed by Wightman and coworkers [58,63]

for decreasing the size of the ECL light source but still generating ECL intensity
(≥1.8 pW) strong enough for high-resolution ECL imaging is the one based on

a series of optical photographs of an ECL-emitting conical carbon fiber
electrode at various frequencies of applied square waves in benzonitrile
containing 25 mM DPA and 10 mM TBAPF6. Square-wave potentials sufficient
to produce the radical cation of DPA and radical anion of BN were applied to
the electrode at different frequencies. At low frequencies (e.g., 200 Hz), ECL is
observed to occur along the whole uninsulated region. The image appears to be
diffuse. As the frequency is increased, the ECL intensity increases. At higher
frequencies, the area of the cone supporting emission diminishes. At the highest
frequency shown, 20 kHz, the ECL is supported only at the apex of the cone.
This phenomenon allows an uninsulated conical carbon fiber electrode to form
a small light source. Submicrometer resolution has been achieved with this kind
of light source [63].
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Figure 31a shows the ECL image of the IDA with a 12.5 µm radius Pt disk

high-frequency alternating pulses as described in Section III.B. Figure 32 shows



D. ECL/Force Microscopy on Thin Films

With interest growing in solid-state molecular electroluminescent devices
(MELDs) (sometimes generically called “organic” light emitting devices or
OLEDs), efforts have been made to investigate such devices based on thin films

of bipyridine, phenanthroline, and their derivatives have recently been used in

high-efficiency emission with short delay times to reach maximum emission
have been reported. An electrochemical mechanism has been suggested as
operative in these solid-state devices, as originally proposed in solution phase
ECL [12,29,52]. We introduce here very briefly the use of tuning fork–based
scanning probe microscopy (TFSPM) in combination with ECL and other
electrochemical techniques for the characterization of topographic, electrical,
and electroluminescent properties of solid films used in a MELD (for

1. Experimental Setup and Methods

The primary components of a transmitted-light near-field luminescence

used to collect the luminescence generated near the tip and to deliver it to the
optical detectors are conventional and are described here only very briefly. A
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Figure 32 Optical photographs of ECL-emitting conical carbon fiber electrode at various
frequencies of applied square wave. Electrode is immersed in benzonitrile containing 25 mM
DPA and 10 mM TBAPF6 at an angle of 45° with respect to the plane of observation.
Amplitude and offset of applied potential were adjusted to maximum light intensity. (Adapted
from Ref. 63.)
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mechanisms of electrogenerated luminescence of solid thin films, see Chapter 10)

microscope for thin film MELD are shown in Figure 33. The optical elements

of polymers or small molecules (see, e.g., Ref. 75). The ruthenium(II) complexes

solid-state based light-emitting devices (see, e.g., Ref. 76). High-brightness and



conventional microscope objective is used to collect near-field luminescence
which is delivered to the optical detector (or a collimator–detector assembly)
through a fiber coupler. The luminescence intensity is measured with either a
Hamamatsu R4220 photomultiplier tube (PMT) operated at �750 V or a time
resolved photon-counting system (Model T914P, EG&G). The PMT current is
measured with a Keithley Model 6517 electrometer. The sample is placed on a
piezoelectric stage, which provides x, y, and z motion of the sample.

For high-resolution near-field imaging the probe–sample separation must be
maintained at a distance comparable to the effective size of the probe. In a typical
imaging experiment, the probe–sample separation is held constant while the sample
is scanned in the xy plane. The sample or tip must move up and down in response
to sample topography. The electronic circuitry and piezoelectric positioners
employed in this process are very similar to those used in standard SPMs [66].
However, the methods for sensing tip–sample separations are varied, for example,
by use of a laser beam dither detection scheme [77], tuning fork–based shear force
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Figure 33 Schematic representation of the measurement with a tuning fork–based SPM
tip contacting the surface of a Ru(bpy)3(ClO4)2 thin film on ITO substrate. Optical
components include fiber optics coupling to a microscope objective for focusing the
luminescence to optical detectors through a fiber coupler. The sample is placed on a
piezoelectric stage, which provides x, y, and z motion of the sample.
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detection scheme [67], or tapping mode [78]. To eliminate optical interference from
the laser beam, we adapted a tuning fork–based shear force feedback in this
experiment.

As shown in Figure 34, a piezoelectric quartz tuning fork is used for shear
force detection. Such tuning forks are commercially available for operation at
32,768 Hz or higher (Digi-Key, Thief River Falls, MN). Here, the probe (a
sharply etched electrically conducting tip) is mounted directly to the tuning fork.
A conventional piezoelectric tube or block is employed to drive probe dithering
parallel to the sample surface; however, the resonance employed is that of the
tuning fork. Therefore, probe dithering is a result of tuning fork motion rather
than a probe resonance. Interaction between the probe and substrate surface alter
the tuning fork resonance. The feedback signal is acquired electronically by
detecting the time-dependent voltage developed across the tuning fork with a
phase-sensitive technique. We usually monitor the change in the amplitude of the
oscillation with a lock-in amplifier. This surface-sensing technique is highly
sensitive and avoids strong interaction between the probe and the sample surface.
Readers who are interested in details of the operation principles of a tuning

Current–voltage responses of a thin film on substrate [e.g., a
Ru(bpy)3(ClO4)2 thin film on ITO] can be examined by voltage steps and sweeps
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Figure 34 Front and back views of a quartz crystal tuning fork and a probe mount for
nonoptical shear force feedback. The probe is cemented to one leg of the quartz crystal
tuning fork. X, Y, and Z are the quartz crystal axes. Probe motion is driven at a tuning fork
resonance along the X axis, which is used to sense proximity of the probe to the sample
surface. The shaded and dark areas represent contact pads serving both as pickup for the
piezoelectric signal and as coupling between the two prongs. L is the length of the prong.
The tip protrudes ~1 mm out of the prong’s end. (Based on Ref. 67.)
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fork–based shear force sensor can refer to Ref. 67.



across the substrate and the tip, which is positioned at the surface or inside the
film. The voltage is supplied from a waveform generator (e.g., an EG&G Model
175 universal programmer or a Wavetek Model 143 function generator),
controlled by an IBM PC equipped with a DT2821 interface board. The
picoampere-level currents are monitored with a high sensitivity current
amplifier. Specific experimental procedures and parameters are described in
more detail in the following section.

2. Application on Solid-State Ru(bpy)3(ClO4)2 Thin Film

Several experiments can be performed with this technique, including
current–voltage and electroluminescence–voltage relations; current–, shear force–,
and electroluminescence–distance relations; current and electroluminescence
transients; and imaging.

Figure 35 shows some typical current–voltage and luminescence–voltage
plots of a 100 nm thick Ru(bpy)3(ClO4)2 layer on ITO with a Pt tip positioned
inside the film (about 50 nm deep). As the tip voltage (Ea) was scanned negative
with respect to the ITO substrate, significant current began to flow through the
device at about �1.7 V, whereas detectable light emission was observed only at
negative tip voltages of about �2.7 V. In the positive-bias region, current flow
started at about �2.3 V, and luminescence was observed at a positive tip bias of
about �2.7 V. These onset voltages for light emission of 2.7 V are slightly
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Figure 35 Typical current–voltage (curve 1) and luminescence–voltage (curve 2) plots
of a 100 nm thick Ru(bpy)3(ClO4)2 layer on ITO with a Pt tip positioned inside the film
(approximately 60 nm from the ITO surface). Voltage scan rate is 0.1 V/s.
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higher than those reported for solution ECL of the same compound [29] but are
roughly the same as those seen in solid-state devices with different contact
materials. Similar current– and luminescence–voltage behavior was observed
when Au on glass, instead of ITO, was used as the substrate.

When the tip was biased at �3.0 or �3.0 V with respect to the ITO
substrate and it approached the surface of a Ru(bpy)3(ClO4)2 film, current
flow was observed at the position where change in shear force was detected
(Fig. 36). The current response showed only a slight delay with respect to the
shear force response when the tip was biased at �3.0 V. At �3.0 V tip bias, light
was emitted from the surface region of the film as soon as the current flow started
through the device. However, at �3.0 V bias, light emission spatially lagged
behind both current and the change in shear force. A delay of the emission with
respect to the current at negative bias was also observed when Au, instead of
ITO, was used as the substrate. This apparent depth profile of light emission is
mainly associated with the time behavior of the carrier injection and transport as
described below, because the luminescence profile is more nearly coincident
with the current profile in the reverse displacement scan.

It is quite possible to estimate the local thickness of the film from the
difference between the onset substrate displacement to observe current (or shear
force change) and the displacement where tunneling (or abrupt change in the
shear force) takes place. The estimation of a local film thickness of about 100 nm
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Figure 36 Current, luminescence, and shear force (SF) as functions of distance (d). In
frames A and B, tip biased at �3.0 V; in frames C and D, tip was biased at �3.0 V. Curves
1 and 2 represent current i and luminescence intensity (El), respectively. Curves 3 are
expanded curve 2 (5 times for frame A and 10 times for frame C).
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is shown in Figure 37, which agrees fairly well with that determined by making
a light scratch on the surface and measuring the line profile across it with an
atomic force microscope.

Another useful experiment obtains the current transient from a potential
step, which supplies some information about charge carrier injection and field-

time-dependent current flows through a Ru(bpy)3(ClO4)2 film ~100 nm thick
coated on ITO as the Pt tip was positioned approximately 60 nm away from the
ITO surface and a positive voltage step was applied between tip and substrate.
The voltage step produced a fast (	1 ms) transient current spike (barely
distinguishable from the y axis) followed by a slow rise. A smaller current spike
was seen when the tip was further from the film surface. Part of the initial current
spike is apparently associated with the stray capacitance of the current-
measurement circuit, which has a time constant set at about 20 µs for this
experiment. Part of it is associated with the ionic current of the film.

As shown in Figure 38a, at low positive tip bias (e.g., 	3.0 V), the current rose
slowly and approached a steady-state plateau within a few seconds. An increase of
the step voltage to 4.0 V increased the initial rise speed of the current, which reached
a steady-state plateau within 2 s. An increase of the step voltage to 4.5 V had no
dramatic effect on the shape of the initial part of the current–time curve, but it
substantially affected the current on a longer time scale. Similar but not identical
current transients were obtained by stepping the tip bias from 0 V to different
negative values and recording the current as a function of time. By comparing the
shape of the current vs. time curves to theoretical behavior, it was possible to find the
effective diffusion coefficients (or mobilities) of charge carriers. From such
measurements, we found, as shown in Figure 38b, that the effective diffusion
coefficients of both electrons and holes depended strongly on the electric field
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Figure 37 Film thickness measurement from the current vs. distance (A) or shear force
vs. distance (B) curves. C is the expanded (20 times) curve of A. Tip was biased at �3.0
V during approach, and the tip current is inverted.
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driven charge transport properties through the film. Figure 38a show a series of



strength (or the applied voltage) [79]. This information is important to understanding
the slow rise in the current after a voltage step is applied to Ru(bpy)3

2�-based MELD
and why the initiation of light emission lags behind the current flow in the present
experimental configuration.

Still other experiments explore the possibility of this technique for high-
resolution imaging of electroluminescent Ru(bpy)3(ClO4)2 thin film. Information
about the morphology, conductance, and luminescence homogeneity of spin-cast
Ru(bpy)3(ClO4)2
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Figure 38 (a) A series of current transients through an approximately 100 nm thick
Ru(bpy)3(ClO4)2 layer on ITO as the Pt tip was positioned within the film ~60 nm away from
the ITO surface and a voltage step was applied between tip and substrate. Tip voltage steps: (1)
�2.8 V; (2) �3.5 V; (3) �4.0 V; (4) �4.5 V. (b) Effective diffusion coefficients of electrons
(squares) and holes (pluses) as functions of applied voltage � overpotential at the tip, (Ea � η).
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films was obtained with TFSPM. Figure 39 shows the topography,
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(A) (A)

(B) (B)

(C) (C)

Figure 39 Topograph (A), current image at �3.5 V tip bias (B), and luminescence
image at �3.5 V (C) of a single layer of Ru(bpy)3(ClO4)2 on ITO, taken simultaneously
with a Pt tip. Also shown in the right-hand frames of the figure are higher resolution
images for the portion of surface at the upper left corner of the frames on the left. Tip raster
rate is ~0.25 Hz. Marker is 1 µm.
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current image at 3.5 V, and electroluminescence image at �3.5 V of a layer
(~100 nm thick) of Ru(bpy)3(ClO4)2 on ITO, taken simultaneously with a Pt tip. The
topographic image was recorded at constant amplitude of shear force, which was set
at 2% less than when the tip was far from the film surface. The tip bias was pulsed
between �3.5 and �3.5 V with pulse duration of a few milliseconds, and the current
at �3.5 V and luminescence at �3.5 V tip bias were monitored. On frame A at the

artificially made by a tip crash by approaching the tip to the substrate without turning
the feedback loop on. Also shown in frame A on the right hand side of Figure 39 is
a higher resolution image for the portion of surface at the upper left corner of the
frame on the left. The image suggests that the film contains no particularly crystalline
grains, but rather uniformly distributed nanostructures. These structures, however,
produce heterogeneity in the current and luminescence responses of the film.

E. Magnetic Field Effects and Interception Techniques

Still other experiments are designed to investigate the effects of magnetic field
on ECL intensities and to intercept intermediates. Studies along this line have
been used for mechanistic diagnosis for certain reactions involving triplets;
hence they are associated with the T route [1]. We describe here only very
briefly some experimental essences of these techniques.

Since 1969, occasional reports have described the effects of magnetic field

data by showing only the change in the relative ECL intensity at a point between 1.5
and 7.5 kG. The magnet that furnished the field in which the sample was immersed
was a compact electromagnet device that was energized by a regulated but variable
current supply [10,80]. Field strengths up to 7.5 kG could be applied to the samples.

In each instance for which a field effect has been seen, the enhancement
increased monotonically; otherwise the change in relative ECL intensity was less

enhancements in ECL intensity are seen for systems containing Wurster’s Blue
(WB) (radical cation of N,N,N’,N’-tetramethyl-p-phenylenediamine) as an
oxidant and 1,3,6,8-tetraphenylpyrene (TPP) as an emitter in DMF. The data for
the mutual annihilation of TPP anion and cation radicals suggests that either no
field effect on ECL intensity was observed or there was an extremely slight
decrease of luminescence with increasing field strength. The results summarized
in Table 4 show that all the tabulated energy-deficient systems show field
enhancements, including ECL from intramolecular exciplexes of 1-amino-3-
anthryl-[9]-propane derivatives [81]. For the other listed marginal case, i.e., the
rubrene(�)/rubrene(�) annihilation system, the magnitude of the field effect is
dependent on the solvent [82,83], supporting electrolyte concentration, and
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strength on the intensity of ECL from various systems. Table 4 summarizes some

left hand side of Figure 39, we show a micrometer-sized hole as a marker that was

than a few tenths of a percent as shown in Figure 40 [10]. As shown,



temperature [84,85]. The enhancement becomes smaller with decreasing solvent
polarity and temperature. For the energy sufficient systems listed, no field
enhancement was observed. Magnetic field effects have thus been used
frequently as a diagnostic tool for the differentiation of mechanisms for ECL.
However, for mixed ECL systems, e.g., the thianthrene(�)/PPD(�) system,
where no magnetic field effect was observed [86] although ECL decay curve
analysis showed that it was a limiting case of pure T route behavior [87], one
should be more careful in interpreting magnetic field effects on ECL efficiencies
(cf. Chapter 4 for insight discussions).
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Table 4 Magnetic Field Effects on ECL at Room Temperature

Reactantsa,b Field  Field  Energy
effect strength classification
(%)c (kG)

DPA(�)/DPA(�) �0.3 
 0.8 7.5 Sufficient
Thianthrene(�)/PPD(�) �0.4 
 0.3e 6.15 Sufficientd

TPP(�)/TPP(�) �0.2 
 0.2 6.15 Marginal
Rubrene(�)/Rubrene(�) �9.5 
 0.2 5.70 Marginal

�6.5 1.52
�3.0 1.52e

AAP(�)/AAP(�) �16 – � 24 — E routef

TMPD(�)/anthracene(�) �16.3 6.25 Deficient
TMPD(�)/DPA(�) �5.6 
 0.3 6.00 Deficient
TMPD(�)/TPP(�) �2.6 
 0.2 6.15 Deficient
TMPD(�)/rubrene(�) �28.2 
 0.2 5.70 Deficient
TMPD(�)/tetracene �18.0 7.50 Deficient

10-MP(�)/fluoranthene(�) �7.0 
 0.4 6.15 Deficient

Rubrene(�)/p-Benzoquinone(�) �15.7 
 0.2 5.70 Deficient

Source: Refs. 1 and 81.
aDPA � 9,10-diphenylanthracene; PPD � 2,5-diphenyl–1,3,4-oxadiazole; TPP � 1,3,6,8-tetra-
phenylpyrene; TMPD � N,N,N′,N′-tetramethyl-p-phenylenediamine; 10-MP � 10-methylphenothia-
zine; AAP � 1-aminoanthryl-(9)-propane derivatives.
bIn DMF solutions except for thianthrene(�)/PPD(-), which was in acetonitrile, and
AAP(�)/AAP(�), which was in THF.
cPercentage change from zero-field intensity for field strength noted in adjacent column.
dEmission from thianthrene precursor only.
eFrom Ref. 85, at �48°C.
f

Copyright © 2004 by Marcel Dekker, Inc.

Intramolecular exciplex formation (cf. Chapters 1 and 4 for discussions).



A very sensitive method for probing T-route systems has involved
intercepting a triplet intermediate, 3D*, by triplet energy transfer to an acceptor
species A, through the reaction

3D* � A → D � 3A* (19)

The acceptor triplet can undergo triplet annihilation, and hence the addition of the
acceptor may transform the ECL spectrum from emission of the donor to that of
the acceptor. Alternatively, it might undergo radiationless decay, resulting in
quenching of the ECL emission. Moreover, the acceptor triplet can undergo a
photochemical reaction, so that an analysis of the amount of the product of the
photochemical reaction created by a known number of redox events can give triplet
yields. Few interception experiments have yet been carried out with ECL systems

quite stringent. The basic problem is the strong correlation between the energies of
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Figure 40 Magnetic field effects on luminescence from systems containing Würster’s
Blue as an oxidant and 1,3,6,8-tetraphenylpyrene (TPP) as an emitter in DMF containing
TBAP as the supporting electrolyte. Error bars denote average deviations. Reactants: (•)
TPP anion and Würster’s Blue, (��) TPP anion and cation radicals. (Adapted from Ref. 10.)

Copyright © 2004 by Marcel Dekker, Inc.

[22; see also, e.g., Ref 88], because the conditions for unambiguous transfer are



a molecule’s lowest excited states and the potentials at which it undergoes
oxidation and reduction to stable radical ions. Thus, a suitable acceptor for a given
system, which must have its lowest triplet at a lower energy than the donor triplet,
will ordinarily reduce or oxidize more easily than one of the ion precursors. It
therefore interferes severely with ECL generation, and any modification in ECL
behavior upon its addition complicates the interpretation. Another important
problem is the need for chemical inertness of the acceptor toward the radical ions.
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Figure 41 Chemiluminescence spectrum obtained in energy transfer experiment with
fluoranthene and anthracene. Inset shows anthracene fluorescence spectrum (10–5 M in
DMF). (Adapted from Ref. 22.)

Copyright © 2004 by Marcel Dekker, Inc.



One of the previously reported results demonstrating triplet energy

deficient reaction between the cation radical of 10-methylphenothiazine (10-
MP) and the anion radical of fluoranthene (FA) [22]. The FA molecule has
small S1–T1 splitting, exhibits a high triplet energy (2.3 eV), and can be
reduced easily at �1.70 V vs. SCE. There are several suitable acceptors for its
triplet. When the FA radical anion was oxidized by the 10-MP radical cation in
the presence of anthracene as an acceptor, which has a triplet energy of 1.8 eV,
a strong blue-violet emission was seen. It was found that the ECL spectrum
was identical to the fluorescence emission spectrum of anthracene. As shown
in Figure 41, the spectrum is extremely well resolved; although the peak at 385
nm is reduced in intensity owing to self-absorption, the vibrational transitions
at 400 and 420 nm due to anthracene are clearly seen, which are very different
from the normal unstructured emission spectrum of FA. In a solution
containing only anthracene and 10-MP (well degassed as before), when the
electrode potentials were maintained at the same values as those used for
generation of the FA and 10-MP radical ions, no ECL emission was observed;
however, when the reducing potential was shifted to a value 0.2 V more
cathodic, the characteristic anthracene emission was seen. Thus the emission of
anthracene luminescence described above from the solution containing both
anthracene and FA cannot be ascribed to the presence of anthracene radical
anions. The photoluminescence of a solution containing 10–5 M in both
anthracene and FA excited at 290 nm, where only FA absorbs appreciably,
only FA emission was observed. This precludes the possibility of
singlet–singlet energy transfer between FA and anthracene. Instead of
anthracene, when trans-stilbene, whose triplet energy (– 2.0 eV) is lower than
that of FA and thus triplet interception is facile, but which is more difficult to
reduce (about �2.1 V vs. SCE), was used as the acceptor, quenching of ECL
was observed, because trans-stilbene’s triplet decays very rapidly to undergo a
cis–trans isomerization. cis-Stilbene has higher triplet energy (– 2.5 eV) than
FA, and interception in this case is inefficient, so one expects it to exert no
effect, as experimentally observed. Freed and Faullener [22] carried out
quantitative measurement of the triplet yield from the amount of cis-stilbene
produced as a consequence of a redox process.

Ziebig and Pragst [89] studied triplet energy transfer from pyrazolines I (R
� Ph, 4-biphenylyl, β-styryl) to a series of polycyclic aromatic hydrocarbons.
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transfer is shown in Figure 41, which arose from a study of the energy-



Kinetically or thermodynamically controlled energy transfer can occur,
depending on the energy difference between the donor and the acceptor. The
lifetime of the hydrocarbon triplets was estimated as approximately 3 µs on the
basis of the concentration dependence of the sensitized ECL intensity. Under
kinetic control conditions, ECL was observed when the concentration of the
acceptor was �2 µM. Triplet energies of the donors and acceptors were
determined from measurements in the thermodynamically controlled range. The
effect of a magnetic field on the sensitized luminescence depends on the structure
of the acceptor and on the initial excited system (I and the anion-forming
component N-p-tolylphthalide).

IV. SUMMARY AND FUTURE PERSPECTIVES

The aim of this chapter has been to show the instrumentations and
experimental (conventional and newly developed) techniques employed in
ECL studies. The improvement of cell design and photon detection systems,
e.g., by incorporating flow injection analysis (FIA) systems using UME to a
single-photon counting unit, has greatly enhanced the detection limit, temporal
resolution, and analytical throughput of ECL. ECL-based scanning probe
methods, like other types of scanning probe microscopes, also provide unique
experimental capabilities for imaging and studying charge transport either in
solution or in electroluminescent thin films. Further improvements in both
spatial and temporal resolutions are anticipated with the development of
procedures that allow the routine fabrication of submicrometer-sized tips
suitable for working in solutions. The retrieval of the interception techniques
by designing new molecules and new processes and the development of new
ECL-producing processes, e.g., luminescent nanostructure-based ECL
systems, are encouraging for both mechanistic studies of electron and/or
energy transfer reactions and their potential applications.
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I. PROCESS FUNDAMENTALS

This chapter develops the theoretical basis for understanding the relationships
between current i(t) and radiant intensity I(t), the analytical variables in any
quantitative study of electrogenerated chemiluminescence (ECL). Because the
observed CL intensity results from the reaction of species generated
electrochemically at a solution/electrode interface, this development begins with
an understanding of the mass transfer and mass transport of solution species to an
electrochemical interface to generate the precursors to ECL. Only then is it
possible to address the ECL phenomenon as these precursors undergo subsequent
mass transfer and transport from the electrochemical interface to react in a spatial
reaction zone within the diffusion layer. Ultimately, the observed CL intensity
depends upon the rate at which these precursors react within this reaction zone to
produce excited state species and the rate at which these species go on to produce
photons. Each of these processes may influence the observed current as well as
being the rate-determining step for the observed CL intensity.

We begin by considering the simplest version of the first ECL reaction

e.g., 9,10-diphenylanthracene (DPA), is used to produce ECL by carrying out a
double potential step experiment at a single working electrode under diffusion
limiting conditions:

A � e� → A�• (reduction at electrode potential E1) (1)
A � e� → A�• (oxidation at electrode potential E2) (2)
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A�• � A�• → 1A* � A (excited state singlet formation) (3)
1A* → A � hν (CL emission from singlet state) (4)

Both electrode processes take place at fixed potentials that are suitable for either
the reduction (E1) or oxidation (E2) of A under diffusion-limiting conditions so
that the concentration of A at the electrode surface is equal to zero throughout
both halves of the double potential step experiment. (It should be noted that E2

is assumed to be sufficiently positive to bring about the two-electron oxidation
of A�•,

A�• � 2e� → A�• (two-electron oxidation at E2) (5)

also under diffusion-limiting conditions.

II. THEORETICAL FUNDAMENTALS

The theoretical treatment leading to the expression for the current flow during
reaction (1) is fundamental to the study of electrochemical methods. The
problem is recognized as a boundary value problem in which the material and
charge flux are governed, in the absence of migration and convection as modes
of mass transport, by Fick’s laws of diffusion [1]. Electrode and semi-infinite
solution boundary conditions are specified for the partial differential equations in
time and space representing Fick’s laws, and these are then transformed into
ordinary differential equations via the Laplace transformation. Solution of these
ordinary differential equations for the current expression yields the Cottrell

i(t) � FACA*DA
1/2/(πt)1/2 (6)

This expression defines i(t) during the first half of the double potential step in
terms of the electrode area and the bulk concentration and diffusion coefficient
of A, CA* and DA, respectively [2]. This treatment also results in equations for
CA(x,t) and CA�•(x,t), the concentration profiles of A and A�•. Because i(t) is the
variable of primary experimental interest, little further attention is directed
toward these concentration profiles in the development of electroanalytical
methods. Theoretical investigations of ECL, however, rely heavily upon an
understanding of their behavior because I(t) results from a reaction of these
solution species within the diffusion layer, and the CL emission is controlled to
a great extent by the transport phenomena that govern these spatial molecular
distributions.

A similar treatment, i.e., solution of the partial differential equations
representing the given boundary value problem using Laplace transforms, results
in a closed-form solution [3] for i(t) in a double potential step experiment that

Copyright © 2004 by Marcel Dekker, Inc.
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begins at and returns to a potential E0 where A is electrochemically inactive; that
is, at E0, CA�(0,t) � 0:

A � e� → A�• (reduction at electrode potential E1) (1)

A�• � e� → A (oxidation at electrode potential E0) (7)

The expression of this closed form solution for the current–time characteristic is
not important for this work, because the double potential step described above
does not result in ECL emission. Although E0 is sufficiently positive to oxidize
A�• to A, as shown in reaction (7), it is not sufficiently positive to produce A�•,
as required in reaction (2).

What is noteworthy is the level of operational mathematics that is
necessary to obtain this closed-form expression for the current–time
characteristic (and the corresponding concentration profiles) in a double
potential step that reverses only one of the reactions necessary to produce the two
radical ion precursors of the ECL phenomenon. This difficulty is compounded
when one attempts to take into account the rate of subsequent chemical reactions,
such as one of the solution-phase reactions in the ECL mechanism:

A�• � A�• → 1A* � A (excited state singlet formation) (3)

In this simplest case, the local rate of excited state singlet formation would be
given by

(8)

where k2 is the second-order rate constant for reaction (3), which is presumed to
be rate-determining, and the concentrations of all species are distributed over
time and space. The production of excited state species via reaction (3) will alter
the concentration of all three species (A, A�•, and A�•) within the diffusion layer
and may thereby influence the material flux at the electrode during the second
half of the double potential step. Thus, the differential equations describing the
ECL rate law must be included in the system of ordinary differential equations
to be solved following the transformation of Fick’s laws to ordinary form by
using Laplace transforms. Even though the resulting system of ordinary
differential equations can be solved in transform space for the simplest ECL
system described above, it not always possible to find an appropriate inverse
transform to express both halves of the current–time characteristic in closed-
form. Thus, even though the Cottrell equation may describe i(t) during the first
half of the double potential step ECL sequence, there is no guarantee that closed
form expressions for the current during the latter (ECL) half-step will be
available, because the transport phenomena that control the current are
complicated by the chemical reactions that produce (or quench) the ECL.

Local rate  A
* ( )]

 
=

d C x t

dt

[ ,
 A A= − +k C x t C x t[ ( , )][ ( , )]2
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An additional problem arises in the double potential step ECL experiment.
As indicated above, the reaction of A�• and A�• results in a distribution of
excited state species within the diffusion layer. The width of this distribution
depends upon the magnitude of the various diffusion coefficients, the
bimolecular rate constant k2, and the subsequent rate of photon production via
Eq. (4). Whatever its width, however, this band of ECL must be integrated over
its spatial coordinates in order to obtain I(t), the overall ECL intensity. This
required integration of the solution to a system of differential equations adds an
additional degree of complexity to the quest for a closed-form solution for I(t)
describing ECL.

Mathematical complexity, of course, is no stranger to the development of
the theoretical basis for electrochemical methods. At a very minimum, the
boundary value problem governed by the system of partial differential equations
given by Fick’s laws must be solved because diffusion is ever-present as a mode
of mass transfer. Fick’s first law,

(9)

is actually a part of a more complicated differential equation that is used to
describe the material flux in an electrochemical system, the Nernst–Planck
equation [4], which is given in one dimension as

(10)

where Dj is the diffusion coefficient of the jth species (cm2/s), ϕ(x,t) is the
electrostatic potential, and v(x,t) is the fluid velocity in centimeters per second.
This equation not only accounts for diffusion as a mode of mass transfer but also
includes terms for the longer range modes of mass transport, migration and
convection. If closed-form expressions for the current transient exist for systems
in which the complete Nernst–Planck equation governs the flux, they are not
widely recognized parts of the corporate electrochemical memory. Because these
additional modes of mass transport can sometimes lead to long-time steady state
behavior by producing a material flux that is greater than the charge flux at the
electrode, a steady-state current may result. Sometimes a closed-form
approximation may be found for this steady-state current. For example,
combination of diffusion and convection as modes of mass transport in the
rotating disk electrode (RDE) and the rotating ring-disk electrode (RRDE) results
in a steady-state expression for the current known as the Levich equation [5],

iLevich � 0.62nFADO
2/3ω1/2ν�1/6CO* (11)

where A is the electrode area (cm2), ω is the angular velocity (s�1), ν is the
kinematic viscosity (cm2/s), and CO* is the bulk concentration (in mol/cm3) of the
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species electrolyzed at the disk. Indeed, combination of orthogonal modes of
diffusion produces a material flux that is sufficient to counterbalance the charge
flux at an ultamicroelectrode (UME) [6] to produce a steady-state current in the
long-time limit. The magnitude of this steady-state current depends somewhat
upon the geometry of the UME, but the long-time numerical approximation of
the series solution to the boundary value problem obtained by using Laplace
transforms over three dimensions yields the steady-state current expression

iss � 4nFDOCO*r0 (12)

for an ultramicro disk electrode of radius r0. Each of these steady-state equations
results from a series approximation for the current transient taken to a long- time
limit. The numerical approximation is required, generally, because a closed-form
solution does not exist.

One of the earliest and most familiar electrochemical applications of
numerical methods can be attributed to Nicholson and Shain [7,8] and their
development of the theory for linear sweep voltammetry (LSV) and cyclic
voltammetry (CV). These numerical current transients, expressed parametrically
as i(E), result from a solution of the partial differential equations of Fick’s laws
under the influence of a potential-dependent boundary condition where the
extent of reaction (1) and its reverse, reaction (7), depends upon the electrode
potential, which varies between E0 and E1 as a linear function of time,

E � νt (13)

where ν is the potential sweep rate (in volts per second). Because a closed-form
solution does not result from this theoretical analysis, the tabulated numerical
results [9] must be examined to develop diagnostic criteria for the interpretation
of the experimental results. Examples of diagnostic criteria resulting from an
interpretation of the numerical solutions of the partial differential equations for
LSV and CV include the equations for E°, the standard electrode potential, and
ip

E° � Ep � 1.109(RT/F) � Ep � 28.5 mV at 25° C (14)

ip � (2.69 � 105) ADACA*ν1/2 (15)

where Ep is the peak potential and ip is the peak current. Although these
diagnostic criteria are quite useful in the interpretation of electrode processes
using LSV and CV, they cannot be used directly in the interpretation of ECL
produced during cyclic voltammetry. The boundary value problem leading to the
numerical LSV–CV results does not include the differential equations that
describe the processes related to the production of ECL, e.g., Eq. (8).

This, then, is the situation confronting those who wish to develop a
theoretical basis for the interpretation of ECL: The closed-form and approximate
solutions to the problems that are classical components of the theoretical

Copyright © 2004 by Marcel Dekker, Inc.
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repertoire cannot be applied directly to the ECL phenomenon because ECL
redefines the problem. And, although it might be possible to obtain numerical
solutions to the ECL boundary value problem based upon the Laplace
transform, it certainly would not be convenient to do so. Each new set of
boundary conditions adds an additional layer of complexity to a problem that is
already unwieldy on account of the chemical reactions (and their associated rate
expressions) that are necessary to produce the ECL. When subjected to analysis
by operational mathematics, each new problem employs a different set of
mathematical techniques to obtain solutions that are generally numerical, rather
than functional, in form. Aware that this additional mathematical complexity
generally leads to a numerical outcome, early ECL theoreticians turned to finite
difference methods—digital simulations—in order to obtain the approximate
numerical results while reducing the mathematical complexity of the work. It is
the intent of this chapter to serve as a guide to this endeavor.

III. THE ORIGINS OF ELECTROCHEMICAL DIGITAL
SIMULATIONS

The use of finite difference methods in the development of electrochemical
theory is rooted in Feldberg and Auerbach’s pioneering work employing a
“computer approach” to model second-order kinetic effects in
chronopotentiometry [10]. Soon thereafter, Feldberg began to use these digital
simulations to predict I(t) during the double potential step ECL experiment
described above [11]. By using this new numerical method Feldberg was able
to show graphically both i(t) and I(t) in the double potential step ECL
experiment described above. These graphical results for I(t) are displayed in

Displayed in semilogarithmic form, these dimensionless plots of I(t),
where ω ∝ I(t), predict that the ECL decay approaches exponential behavior
when k2tfCA* is greater than 1000 and the light producing reaction is diffusion-
controlled:

log ω � �1.45 (t/tf)1/2 � 0.71 (16)

where the duration of the initial potential step is given by tf and t is measured
from the onset of the second step. Thus, the slope of a plot of log I(t) vs. (t/tf)1/2,
known universally as a Feldberg plot, can be used as a diagnostic criterion for
the diffusion-controlled ECL emission. Unfortunately, however, this “working
curve” criterion is not unambiguous, and the slope is subject to other
mechanistic influences. Nevertheless, its use exhibits fundamental
methodology in employing the results of finite difference simulations in the
interpretation of experimental data.

Copyright © 2004 by Marcel Dekker, Inc.
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Perhaps more important, Feldberg’s initial ECL paper displayed, for the first
time, concentration profiles showing the distribution of all electroactive species (A,
A�•, and A�•) within the diffusion layer during the ECL half-cycle. These

spatial distribution of the ECL at the designated instant. Integrated over space, this
then represents I(t).

These two figures and the accompanying methodology were sufficient to
convince workers in Allen Bard’s research group of the practicality of applying
digital simulation to develop a theoretical foundation for the study of ECL.
Directly influenced by Feldberg’s papers, several workers within the Bard research
group began to investigate these finite difference methods for ECL studies in
particular and the study of homogeneous electrochemical kinetics in general.

Figure 1 Dimensionless I(t), identified by Feldberg as ω, as a function of dimensionless
time. In our context I(t) is shown for different values of k2tfCA*, the dimensionless rate
constants for the ECL-producing reaction (3). (From Ref. 11.)

Copyright © 2004 by Marcel Dekker, Inc.

concentration profiles are reproduced in Figure 2. In addition, Figure 2 shows the
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At that time, however, computer-based concepts were not easily
transmitted between groups working in different locations. The Internet as we
now know it did not exist, and computer programs were written in dialects that
were more or less specific for the platform at hand (and submitted on stacked
punched cards for batch processing). Collaboration beyond the level of concept
discussion was difficult, and the Bard group went on independently to develop
its own school of digital simulation methodology and nomenclature. This work
provided the theoretical basis for numerous publications in electrochemical
kinetics [12–15] and ECL [16–18]. In addition, it developed a group of
practitioners [19–25] who went on to employ these finite difference methods in
their own research. The development of separate schools has proven to be
beneficial to the field because it has permitted the independent determination of
numerical results for the purposes of comparison when analytical solutions of
limiting cases were not available.

Work that was initiated during this early period forms the basis of
published tutorials on digital simulation [26–29]; the reader is referred to these
works for more details. Our discussion of the use of digital simulation in the
development of ECL theory begins with a brief review of the concepts contained
therein.

Figure 2 Normalized concentration profiles and ECL emission profile. These snapshots
were obtained for k2tfCA* � 1000 when t/tf � 0.2. (From Ref. 11.)
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IV. A REVIEW OF FINITE DIFFERENCE CONCEPTS

Many advances in digital simulation have taken place since the beginning of this
work more than three decades ago. Some of these advances have occurred in
hardware through the development of the personal computer. Others have taken
place by the development of commercial software that will perform specific
kinds of simulations, e.g., DigiSim™ for cyclic voltammetry [30]. The advent of
common platforms has permitted the development of a computer environment
(e.g., a spreadsheet) that will allow one to do a demonstration simulation without
even having to write a computer program; to go beyond the demo stage using
Microsoft Excel, however, now requires some knowledge of Microsoft’s Visual
Basic. Finally, there have been theoretical advances where newer methods
[31–33] and implicit algorithms [34–36] are used to perform the simulations
described below. However, most of the ECL simulations described in this
chapter employ the more intuitive explicit methods that were originally used in
this endeavor.

This review does not attempt to take many of these recent advances into
account but is meant to provide a rigorous foundation for writing and
understanding programs that will perform explicit finite difference simulations.
It does so in the hope that the reader will develop an appreciation of the method
and, more important, its limitations. Not the least of these limitations results from
the absence of an analytical solution to almost any problem of consequence
except in the limits of the boundary value problem. The appreciation of this
limitation and how one can minimize its impact is essential to the utilization of
digital simulations in any application.

Because diffusion is the ever-present mode of mass transport, any
discussion of the digital simulation of problems involving transport phenomena
begins with consideration of Fick’s second law [37],

(17)

for the concentration CA(x,t), a function of position and time, where DA is the
diffusion coefficient. This law can be expressed in finite difference form and
rearranged to obtain an expression for ∆CA(x,t), the change in concentration at
any time and place due to diffusion:

(18)
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This equation can be simplified further by dividing both sides by CA*, the bulk
concentration, in order to express all concentrations in fractional form, and by
defining a model diffusion coefficient DM,

(19)

This allows one to write the finite difference diffusion algorithm in fractional
concentration form:

fA(x,t) � DM[fA(x � ∆x,t) � 2fA(x,t) � fA(x � ∆x,t)] (20)

To employ this equation to calculate the fractional concentration change
resulting from a diffusion process, one partitions the medium (the solution in the
vicinity of the electrode) into an as yet unspecified number of volume elements
of thickness ∆x and requires that f(x,t) be uniform within each element. In the
simplest case, these elements would form a linear array originating at a planar
surface (the electrode) of area A located at x � 0. Therefore, the volume of each
element will be A ∆x, as represented in Figure 3. Each element can be assigned
a serial number J, as indicated in this figure, so that any distance x is given as

x � (J � 1) ∆x (21)

provided that the electrode is envisioned in the center of the first (J � 0) volume

Figure 3 Model volume element array used in digital simulations of potential-
dependent electrochemical problems. Note that the planar electrode has been placed in the
middle of the first volume element. (From Ref. 40.)
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element. This placement is particularly convenient for modeling potential-
dependent phenomena.

This having been done, the fundamental diffusion algorithm for explicit
finite difference simulations can be written

∆fA(J) � DM[fA(J � 1) � 2fA(J) � fA(J � 1)] (22)

to describe the change in fractional concentration occurring in the Jth element at
any time due to diffusion. In this form, DM is seen as the proportionality constant
governing flux between adjacent elements containing different fractional
concentrations. Applied successively to each element in the array, this algorithm
predicts the new fractional concentration, fA′(J)

fA′(J) � fA(J) � ∆fA(J) (23)

that will occupy each element after diffusion has occurred during the interval ∆t.
The use of this algorithm first requires the assignment of an appropriate value to
DM to ensure that ∆x and ∆t approach 0. One then establishes initial (t � 0)
conditions and boundary conditions so that concentration gradients can be
obtained. With time, distance, and all input/output variables expressed in
dimensionless parameters, one merely writes the computer code that will apply
Eq. (23) repeatedly in order to compute the new array values from the old values.
New is made old, the time index I is incremented by 1, and the process is
repeated until I reaches some predetermined limit. Actual examples of the
required computer code appear in Fortran [26] and Basic [27]. Before these
programs can be used, some additional comments are necessary regarding the
terminology used therein.

Although the assignment of a value to DM is arbitrary, it is by no means
unrestricted. It is clear from its definition, Eq. (19), that DM must be positive. To
find the upper limit for DM, one need only substitute the Einstein definition of
the diffusion coefficient [38] into Eq. (19):

(24)

where ∆y is the infinitesimally small distance a diffusing molecule travels,
according to Einstein, during the infinitesimally brief time ∆t, and ∆x is the finite
length of the volume element containing that molecule. Although ∆y can
approach zero, it can never exceed ∆x because ∆x is finite. Thus, for explicit
finite difference simulations of diffusion phenomena,

1/2 ≥ DM ≥ 0 (25)

Because the assignment of its value is arbitrary, it would appear that setting DM

equal to 1/2 (its maximum value) would tend to minimize ∆x with respect to ∆t;
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see Eq. (19). This is true, but setting DM equal to 0.50 in the simulation of
Cottrell behavior leads to oscillations in the computed current transient. Because
the extent of oscillation decreases with decreasing DM, Feldberg has
recommended using DM � 0.45 to obtain reliable simulations of current–time
behavior [39], but other values up to DM � 0.49 have been employed with equal
success [40].

As indicated above, Eq. (22) is applied successively to each element in the
volume element array to simulate material transfer during the interval ∆t. To
define a ∆t unit, one must select some known time (tk) in the physical experiment
and partition that known time into a specified number of equal intervals, L. Thus,

∆t � tk/L (26)

and increasing L, the number of iterations representing a known time in the
physical experiment, causes ∆t to approach zero. The known time parameter tk
may change as different ECL generation schemes are considered. For example,
in the simulation of a double potential step experiment, tk is usually taken to be
tf, the duration of the forward step. In the simulation of cyclic voltammetry ∆E/ν
[see Eq. (13)] can be used as tk. In the simulation of RDE and RRDE behavior
[see Eq. (11)] tk might be taken as the reciprocal of the angular velocity, ω (s�1),
although a better suggestion is offered below.

Real times t can be related to tk through Eq. (26). Thus, if Eq. (22) has been
applied to all the volume elements in the spatial array I times, diffusion has
occurred for a time t � (I� 1/2)∆t; 1/2 is subtracted from I because time is
measured midway through each time iteration. The real time t can be related to
the known time tk by eliminating ∆t from Eq. (26):

t/tk � (I� 1/2)/L (27)

This provides a dimensionless representation of time throughout the simulation.
Because ∆x, ∆t, and DM are related by Eq. (24), the specification of DM and L
and the identification of tk result in the definition of ∆x,

∆x � [DAtk/DML]
1/2 (28)

Thus, increasing L causes both ∆t and ∆x to approach zero. It is important to
note, however, that ∆x decreases with L

1/2; therefore, once reasonable accuracy
has been obtained by increasing L to a large value (approximately 1000), little
additional diminishment of the spatial grid is to be gained by increasing it any
further.

With mass transfer variables all assigned, the simulation of the electrode
process

A � e → B (29)

then proceeds by establishing the initial and boundary conditions for the method
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under consideration. Initial conditions usually require that the relative
concentration of the first electroactive species, A, be set equal to 1.0 in each
theoretical volume element and that of B be set equal to 0.

fA(J) � 1.0, fB(J) � 0.0, for all J (30)

In the simulation of double potential step ECL generation, the first electrode boundary
condition sets the concentration of species A equal to zero in the first volume element
(representing the electrode). In this case, the electrode surface concentration of
electroactive species A will be maintained at zero throughout the initial potential step:

f′A(1) � fA(1) � 0 (31)

The electrode boundary condition for product B is less straightforward and must be
written

f′B(1) � fB(1) � DMAfA(2) � DMB[fB(1) � fB(2)] (32)

where the second term on the right-hand side accounts for the A converted to B by the
electrode reaction, and the third term accounts for the diffusion of B out of the
electrode volume element. In this form Eq. (32) allows for different model diffusion
coefficients for species A and B.

At the other (semi-infinite) boundary, bulk concentration of A must be
maintained at some finite distance from the electrode, and the concentration of B will
be zero at the same point. This distance may be regarded as the diffusion layer
thickness (Jmax ∆x). In terms of the simulation, the establishment of the semi-infinite
boundary condition requires the determination of the maximum number of volume
elements (Jmax) making up the diffusion layer. Jmax may arbitrarily be set equal to I,
the time iteration number; this allows the time and space grid to expand equally. A
great deal of computation time can be saved by estimating the maximum number of
spatial volume elements that are required during the Ith iteration for a typical
electrochemical diffusion layer thickness of x � 6(Dt)

1/2. Appropriate substitution
yields [41]

Jmax � 3(2Imax)
1/2 (33)

where Imax is the maximum time iteration number.
As noted in our discussion of Feldberg’s original ECL simulations [11], the

experimental variables used for input/output must be expressed in dimensionless
form, and this transformation of variables is a necessary requirement of the method.
The concept of a dimensionless representation of time has already been introduced in
Eq. (27). The dimensionless distance parameter may be found by substituting Eq.
(28), the definition of ∆x, into Eq. (21), the definition of x, and rearranging:

(34)
x

Dt
k

J

D L( )

( )

( )1/2 = −
1/2

1

M
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It is in this manner that J, the ambiguous “box number,” is transformed into a
meaningful dimensionless distance. Note that the process of formulating the
proper dimensionless parameters always entails the segregation of experimental
variables on one side of an equation and computer variables on the other.

Dimensionless current is obtained by first writing the expression for the

planar electrode placed at x � 0 and A electroactive, the fractional material flux
at the electrode is given by DMA[ fA(2)� fA(1)]/∆t. Multiplication by CA*, the
bulk concentration of A; A∆x, the element volume; and nF, the Faraday
conversion, yields an expression for the current,

(35)

Substitution of the definitions of ∆x and ∆t into this equation followed by
segregation of experimental and computer variables yields

(36)

This gives i(t)tk
1/2/nFACA*DA

1/2, the dimensionless current that passes during each
time iteration I. This dimensionless current is identified in the Bard group work
as Z(I), so that

Z(I) � L/DMA
1/2 DMA[fA(2) � 0] (37)

for diffusion-limited current. Whatever the correct expression for the
dimensionless current, a plot of Z(I) vs. (I�1/2)/L yields the dimensionless
expression of the current transient for that system. Of course, the correct
formulation of Z(I) will change as the electrode boundary conditions change. In
the case of the simple reversal of A and B under consideration, Eq. (29), the
change in electrode potential brings about an analogous change in the expression
for Z(I):

Z(I) � �[L/DMA]
1/2DMB[ fB(2) � 0] (38)

The simple, double potential step ECL system under consideration, Eqs.
(1)–(4), requires only minor variations in setup and interpretation. Letting A�• �
B and A�• � C in computational nomenclature, the ECL sequence becomes

A � e → B (reduction or oxidation at E1) (39)

A � e → C (oxidation or reduction E2) (40)

B � C → A* � A (excited state formation) (41)

A* → A � hν (ECL emission) (42)

This requires separate volume element arrays for A, B, and C; a fourth array for
A* must be included if any lifetime is to be attributed to the excited state. With
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current in finite difference form. For the system illustrated in Figure 3 with a



only A present initially, the initial half-cycle is identical to that described above
for A → B. Potential switching brings about new electrode conditions, however,
because both A and B become electroactive:

B � 2e → C (43)

A � e → C (44)

and the C that is produced during this half-cycle reacts with the B that was
generated during the first half-cycle to cause the ECL. This requires only a minor
variation in the expression for the dimensionless current after potential switching
[27,42]. The dimensionless currents obtained in this manner agree with those
reported by Feldberg [11].

As stated in our introductory discussion, digital simulations are ideally
suited to the development of ECL theory because of their ability to model the
homogeneous kinetics of the reactions responsible for the ECL, as distributed
over time and space. Thus, the real power of finite difference method techniques
lies in their ability to predict i(t) and I(t) for any set of electrochemical transport
boundary conditions as under the influence of a kinetically controlled reaction
sequence leading to the production of ECL. Mastery of these kinetic
complications requires the use of another type of dimensionless parameter.

For the rubrene system considered above, the rate-determining step in the
production of ECL is given by Eq. (3), which has a rate law given by Eq. (8).
Given the computational symbolism for Eq. (3) that is expressed in Eq. (41), the
rate law can be expressed in finite difference form after both sides are divided by
CA*2 to obtain fractional concentrations:

(45)

Substitution of the definition of ∆t given in Eq. (26) followed by rearrangement
yields

∆fA*(J) � (k2tfCA*) fB(J)fC(J)/L (46)

where the experimental variables have been grouped together into a single
dimensionless factor (k2tf CA*) and tf has been recognized the appropriate
known time (tk) for potential step experimentation. It is this quantity that is
used, along with L and DM as input parameters, at the outset of execution.
Because the dimensionless rate constant (k2tf CA*) is made up of three variables,
it must take all three into account, and an increase in the arbitrary value of this
input parameter could be taken as an increase in any one of the three with the
other two being held constant. Because kinetic effects are of most interest,
variations in k2tfCA* are usually considered as variations in k2, with tf and CA*

being held conceptually constant.
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Inclusion of the rate expression given by Eq. 46 allows one to compute
the change in the fractional concentration of excited states, ∆fA*(J), that takes
place in the Jth volume element as a result of the reaction of B and C. Note that
fB(J) and fC(J) are fractional quantities, and one of them must represent the
limiting reagent in the production of A*. Thus, L is a reasonable upper limit
for the magnitude of k2tf CA* that can be safely selected.

Once ∆fA*(J) is computed for each volume element, the actual photon flux
from that element can be computed by assigning a rate of radiative decay to Eq.
(42). Additional subtleties can be ascertained by assigning a (concentration-
dependent) quantum efficiency (Φ) to the emission process. The total emission
is then computed by integrating (summing) the photon flux emanating from all
volume elements. By assigning an infinitely fast radiative decay to A* (so that
all A* formed by the reaction of B and C was assumed to immediately produce

indicated values of k2tfCA* range from kinetic control to diffusion control of the
ECL emission process, and in the limit of diffusion control, Eq. (16), the oft-cited
Feldberg plot is obtained. It is interesting to note that Feldberg approached
diffusion control when k2tfCA* � 1000. This probably indicates that, in this
nomenclature, L � 1000 was employed in that work.

Although sufficient background in finite difference methodology has
been presented to provide an understanding of the following discussion on
transient ECL phenomena observed at a single, stationary electrode, one
additional topic is necessary to the understanding of steady-state ECL
generation at a rotating ring-disk electrode (RRDE). Our introduction to
steady-state simulations begins, however, with the central component of the
RRDE, the rotating disk electrode (RDE).

The study of RDE behavior provides a unique opportunity to develop a
finite difference model that predicts electrochemical behavior under the
influence of mass transfer (diffusion) and mass transport (convection). The
effect of diffusion is modeled as described above; convection is treated by
integrating an approximate velocity equation to determine the extent of the
convective flow occurring during a given ∆t interval. Mass transport, then, is
allowed to take place by simply transferring fluid (and its contents) from one
volume element to another in accord with the convection algorithm. This
process is repeated once during each time iteration; it results in a steady-state
concentration profile and Eq. (11), the Levich steady-state representation of the
current.

In rotating-disk hydrodynamics, an approximate equation describing the
velocity of the fluid in the vicinity of the electrode is given by Levich [5]:

(47)
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a photon), Feldberg was able to generate the data shown in Figure 2. The



where ω is the angular velocity of the rotating electrode (s�1), ν is the kinetic
viscosity of the solution (cm2/s), and x is measured on an axis perpendicular to
the rotating disk. Integration of Eq. (47) yields

(48)

where x2 represents the position of a given volume element of fluid initially (at
t1) and x1 represents the position of that same fluid after the interval ∆t. (At t1 the
fluid under consideration is situated at x2, a greater distance from the electrode
than x1.) Equation (48) can be solved for x2 to obtain an expression for the initial
position of the fluid volume element that resides at x1at the conclusion of the ∆t
interval:

(49)

Substitution of Eqs. (26) and (34) into Eq. (49) eliminates x1, x2, and ∆t and
results in

(50)

where J1 and J2 are volume element numbers corresponding to x1 and x2.
Examination of Eq. (50) reveals a nice simplification if

tk ≡ (ν/DA)1/3ω�1 (51)

in this simulation; Eq. (50) then becomes

(52)

Thus, given the volume element J1, one may calculate the serial number of that
volume element J2 that supplies material convectively to element J1 during that
iteration. In theory, one then simply transfers the contents of element J2 to
element J1 in order to simulate the convective effect. Of course, it is not quite
that simple. Given an integer value for J1, it is quite unlikely that an integer will
be obtained for J2. Thus, some sort of interpolation scheme must be devised to
obtain the relative concentrations of the species of interest at noninteger values
of J2; these computed concentrations are then transferred to volume element J1.
In a typical simulation, this process would take place once during each iteration
after diffusion effects have been computed throughout the spatial array but
before any kinetically controlled processes are allowed to take place. During this
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process, some care must be exercised to carry out convective transfer to interior
elements first so that one does not write over newly calculated values in the
spatial array.

Finally, it should be noted that the choice of tk indicated in Eq. (51)
provides the proper hydrodynamic expression for the dimensionless current Z(I).
It has been reported (Ref. 40, p. 614) that the steady-state value of Z(I) obtained
by this method (with L � 1000) is 0.61.

(53)

Within the reliability of the simulation, this expression is identical to the Levich
equation.

V. FELDBERG PLOTS AND FUNDAMENTAL ECL
ENERGETICS

been compared to the radiant energy of the emitting singlet state from the early
days of these investigations. If the annihilation reaction has sufficient energy to
produce the excited singlet state directly, Eq. (3) proceeds as written, and the
process is deemed energy-sufficient. One such system that appears to have
sufficient electrochemical energy to produce the excited state singlet species
directly is DPA, which was used in an early example.

On the other hand, if the annihilation reaction lacks sufficient energy to
produce the excited state singlet species that is responsible for the ECL emission,
some other mechanism must be invoked. One such energy-deficient mechanism
is triplet–triplet annihilation (TTA) of a triplet species formed during the reaction
of the precursor ions:

A�• � A�• → 3A* � A (triplet formation) (54)
3A* � 3A* → 1A* � A (excited state singlet formation) (55)

Whereas reaction (54) is assumed to be quite rapid (diffusion-controlled),
reaction (55) is subject to kinetic control, with a bimolecular rate constant kT.
ECL emission occurs via either route from the excited state singlet as shown in
Eq. (4). Because its enthalpy calculations are, at best, ambiguous from an
energetic perspective, a likely candidate for luminescence via this ECL-TTA
mechanism is rubrene (5,6,11,12-tetraphenylnaphthacene).

Conjecture regarding the viability of the TTA mechanism arose out of
early investigations of ECL phenomena employing the methodology developed
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As was shown in Chapter 1, the free energy of the ion annihilation reaction has



by Feldberg using the digital simulations described above [43–45]. Feldberg
plots—graphs of log I(t)tf1/2 vs. (t/tf)1/2, which, according to these simulations,
should have exhibited a slope of �1.45 for prompt emission under diffusion-
controlled conditions—sometimes exhibited more negative slopes. Whereas the
model used in these simulations could account for a less negative slope by

observation. Speculation then arose that this discrepancy might be due to a
different light-producing pathway such as the TTA mechanism, and Feldberg
published a second “digital simulation” paper, which justified more negative
slopes when the TTA mechanism was operative [46].

In this paper Feldberg invoked the TTA mechanism and, at the suggestion
of Marcus, investigated the role of triplet quenching in the production of energy-
deficient ECL under diffusion-limiting conditions. In this latter work Feldberg
abandoned the notion of radical annihilation kinetic control entirely and assumed
that reaction (3) proceeds under diffusion control. Given the charge and
electronic state of the reacting radical ions and the magnitude of the free energy
that is liberated, this assumption appears to be justified.

From the perspective of the simulation this assumption requires the
assignment of a reaction volume within which the annihilation reaction will
proceed to completion, i.e., until the limiting species is exhausted. This is most
easily accomplished by allowing the diffusion of both species to occur via Eqs.
(22) and (23) and then computing the extent of chemical reaction in each of the
two volume elements in which A�• and A�• coexist during the Ith iteration. For
example, if B represents A�• and C represents A�•, one would search the B and
C volume element arrays after applying the diffusion algorithm and find the two
adjacent volume elements X and Y in which both new concentrations fB(X) and
fC(X) were nonzero and fB(Y) and fC(Y) were nonzero. Annihilation would then
be simulated by subtracting the minor fractional concentration from the major
one in each case. For example, if fB(X) � fC(X) and fC(Y) � fB(Y), then

fB′(X) � fB(X) � fC(X) and fC′(X) � 0

fC′(Y) � fC(Y) � fB(Y) and fB′(Y) � 0

where the primed quantities refer to postannihilation conditions, and δ(I), the
fractional production of excited state species during the Ith iteration, is given by
the sum of the minor components in the adjacent volume elements:

δ(I) � fC(X) � fB(Y) (57)

This is, in effect, an integration over two volume elements. (Note that this
integration can be carried out over all volume elements without searching for X
and Y because no ECL can be generated at mid-iteration in any volume element
where either ion is absent under diffusion-controlled conditions.) The rate of
production of excited state species is obtained by multiplying δ(I) by the element
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invoking kinetic control (see Fig. 1), it could not account for this experimental
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volume–bulk concentration product followed by division by ∆t. The ECL
intensity I(t) is given by multiplying this quantity by Φ, the ECL efficiency,

(58)

The dimensionless expression for I(t) depends upon the definitions of ∆x and ∆t,
but in the case of the double potential step having forward duration tf, these are
defined by Eqs. (28) and (26), respectively, so that

(59)

The dimensionless expression for I(t) given in the left hand member is identical
to that defined by Feldberg [11] except that he employed φ, the fluorescence
quantum efficiency, in place of Φ, the overall ECL efficiency, in his definition
of ω for use in his diagnostic plots,

(60)

kinetic control, Feldberg employed a similar diffusion control algorithm to
confirm the validity of Eq. (16) in this limit and to describe a narrow ion
annihilation reaction zone (two volume elements) when diffusion control was

Equation (16), rather than a new simulation, became the basis of this first
treatment of the TTA mechanism. Feldberg came to realize that the simulation of
the TTA problem was what he later identified as a “stiff” problem, one involving
two time-dependent processes occurring on vastly different time scales. The
diffusional processes treated by the simulation took place on the millisecond
scale, whereas triplet lifetimes might be on the microsecond scale. Thus,
although 1000 iterations might be sufficient to simulate a diffusion process
explicitly, a million iterations would be necessary to superimpose upon this
simulation an exact representation of the luminescent processes. Because this
was beyond computational feasibility at the time, Feldberg elected to use the
simulation only to model the electron transfer rate within an even narrower
reaction zone in which all luminescent processes took place. Within this reaction
zone it was assumed that steady-state triplet concentrations were maintained
throughout each iteration. These steady-state triplet concentrations were used to
control the ECL emission produced via reactions (54) and (55).

The mechanism employed in this work accounts for ECL produced by
reactions (3) and (4), emission resulting from the direct formation of excited state
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In addition to generating the plots shown in Figure 1 using various levels of

operative (see Fig. 2).
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singlet species (hereafter called the S route), and ECL produced via the TTA
mechanism described by reactions (54), (55), and (4) (hereafter identified as the
T route). Feldberg used the rate constants for the ion annihilation reactions (3)
and (54) to define the quantity γ, the fraction of radical cation–anion reactions
producing triplets, and 1 � γ as the fraction producing singlets. Thus, when γ �
0, only S-route ECL may be produced, and when γ � 1, only T-route ECL may
be produced. When 1 � γ � 0, ECL may be produced via a mixed mechanism
known as the ST route. In this case, it might be assumed that γ is a probabilistic
factor determined, in part, by the energetics of the system.

Feldberg then assumed that the overall rate of production of excited state
species, both singlets and triplets, is given by I(t)/φ, which can also be expressed
in terms of ωn, the dimensionless S-route ECL parameter given in Eq. (60):

I(t)/φ � (ωnCA*AD
1/2
A)/tf

1/2 (61)

and ωn is approximated by a modified form of Eq. (16),

log ωn � �1.45(t/tf)
1/2 � 0.71 (62)

in recognition of the fact that this expression merely measures the rate of the
diffusion-controlled ion annihilation reaction, regardless of the energy of the
product formed. The quantity I(t)/φ is then partitioned between S-route and T-
route ECL by using the fraction γ, so that the rate of triplet formation is given by
γI(t)/φ∆, where ∆ is an arbitrary reaction volume defined as

∆ � fA(DAtf)1/2 (63)

In making this assignment, Feldberg was attempting to restrict the width of the
ECL reaction zone, ∆/A, to a dimension less than ∆x in order to account for the
rate disparity between ion annihilation and luminescent phenomena. Comparison
of Eq. (63) with the definition for ∆x given in Eq. (28) reveals that

(64)

Using a simulation of about 1000 iterations, Feldberg was able to convince
himself that f was equal to 0.525, thereby implying that the presumed constant
width of the ECL–TTA reaction zone was approximately 2.5% of the width of a
single volume element. Bezman and Faulkner [19] would subsequently
reconsider some of the assumptions leading to this conclusion and would
redefine f as a variable function of time. Using known triplet state lifetimes, they
would suggest that f(t) � 0.1 was a more reasonable upper limit for this
dimensionless reaction zone width, but they would point out that both f and f(t)
are inseparable from a dimensionless parameter used to account for triplet
quenching.
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Feldberg took this triplet quenching into account by assuming the presence
of a quencher Q of known bulk concentration CQ that reacts with triplet species
according to

3A* � Q → A � Q (65)

having a known bimolecular rate constant kQ. Taken together with Eq. (55),
Eq. (65) provides a second route for the depletion of 3A* that can be juxtaposed
against the rate of 3A* formation, γI(t)/φ∆, to obtain an expression for d[3A*]/dt.
By invoking the steady-state assumption one may set d[3A*]/dt � 0 and
rearrange the resulting expression to obtain

γI(t)/φ∆ � kT[3A*]ss
2 � kQCQ[3A*]ss (66)

a quadratic equation that can readily be solved for the steady-state value of
[3A*]ss that is responsible for the T-route emission during that iteration.
Consideration of the kinetics of Eq. (55) reveals that the intensity of ECL
emission resulting from the TTA process occurring within the reaction volume is
given by

γI(t) � φ∆kT[3A*]ss
2/2 (67)

Solution of Eq. (66) for [3A*]ss yields

(68)

Recognizing that γ partitions I(t) into T- and S-route components, one may
write

I(t) � γI(t) � (1�γ)I(t) (69)

and combine this with Eqs. (67) and (68) to obtain

(70)
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Equation (70) can be simplified by defining β, a parameter that compares the
extent of triplet quenching, Eq. (65), with the extent of triplet–triplet
annihilation, Eq. (55),

(71)

Combination of Eq. (71) with Eq. (60), the definition of ω, and Eq. (63), the
definition of f, reveals that

(72)

and division of both members of Eq. (70) by I(t) followed by substitution of Eq.
(72) yields

(73)

Multiplication of both sides of this equation by ω yields the only exact
relationship derived by Feldberg [46]:

(74)

which corresponds to his equation A-8, written in the recursion form notation
subsequently employed by Bezman and Faulkner [19].

Equation (74) might be used to simulate S-route, T-route, and ST-route
ECL observed under different conditions of triplet quenching simply by varying
γ and βf—note that these latter two parameters cannot be separated—and using
ωn recursively to obtain ωi during each iteration of the simulation. Neither
Feldberg nor Bezman and Faulkner did this, however, choosing instead to use
Eq. (16) to estimate ωn as a function of time and then using the results of this
computation parametrically with Eq. (74) to obtain ωi, expressed in the linear
form of the original plots. Details of Feldberg’s linearization appear in the
Appendix of his paper. By assuming βf �� 4γωn (extensive triplet quenching),
he was able to show that

ωi � (1�γ)ωn � γ2ωn
2/2βf (75)

In the event that ECL is produced exclusively via the T route, γ � 1 and Eq. (75)
reduces to
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log ωi � 2 log ωn � log 2 � log βf

� �2.90 (t/tf)1/2 � 1.12 � log βf (76)

which Feldberg also derived in his Appendix. Because it does not attempt to
separate β and f, Eq. (76) can be regarded as more accurate than the result
appearing in the body of the text. Regardless of this shortcoming, the equation
reported by Feldberg,

log ωi � �2.90(t/tf)1/2 � 1.42 � log β (77)

displayed for the first time a theoretical basis for obtaining plots that had more
negative slopes than �1.45, as had been observed experimentally. In addition,
this methodology yielded the conventional slope when γ � 0, indicative of S-
route ECL production. Thus it was that Feldberg proposed that the slope of a plot
of log ωi vs. (t/tf)1/2 might be used to distinguish between the two mechanisms.

The method leaves much to be desired, however. Because it was necessary
to assume that βf was large in order to obtain the desired linear form, the
diagnostic requires that the experimental system exhibit strong triplet quenching.
In the event that triplet–triplet annihilation is favored over triplet quenching, the
analysis is no longer valid. In addition, the proposed linear form does not allow
for a transition between �1.45 and �2.90 in plot slopes with variations in γ as
required by the consideration of ST-route ECL (and observed experimentally).
And, perhaps most important, in his zeal to attach meaning to the slopes of his
plots, Feldberg did not address the significance of their intercepts. This
development would come six years later in the theoretical investigations of ECL
efficiency by Bezman and Faulkner [19].

VI. FELDBERG PLOTS AND RADICAL ION
DECOMPOSITION KINETICS

Because of Feldberg’s work, early characterizations of potential step ECL
phenomena usually employed plots of log I(t) vs. (t/tf)1/2 to display experimental
results, and a great deal of early significance was given to the slopes of these
plots. Accordingly, theoretical treatments using finite difference methods were
geared to produce results in the same format. It was clearly demonstrated that the
kinetics of the ion annihilation reaction, Eq. (3), could affect the slope and
intercept of these plots; however, the direct production of excited state singlet
species was shown to yield slopes that were less negative than those observed
experimentally [11]. It was also shown that in the special case of diffusion-
controlled ion annihilation leading to a triplet product, triplet–triplet annihilation
in the presence of a triplet quencher could lead to slopes greater than those
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observed experimentally [46]. Neither of these early theoretical treatments
provided a plausible explanation for the variations in the slopes and intercepts
that were being observed at the time [44,45]. Cruser and Bard [16] first provided
this insight.

Cruser and Bard set out to rationalize ECL variations due to homogeneous
side reactions of electrogenerated radical ions that might take place within the
diffusion layer in competition with the ion annihilation reaction. Although side
reactions of either (or both) of the ion precursors to ECL could be treated using
digital simulation, it was widely known from conventional cyclic voltammetric
investigations that the radical cation was most subject to chemical attack, and so
the reaction

A�• (�Z) → X (pseudo-first-order decay reaction) (78)

was added to the theoretical mix. It is generally agreed that this cation decay to
the electroinactive species X takes place via reaction with solvent or supporting
electrolyte species Z that is present in such abundance that reaction (78) can be
regarded as a first-order process with a rate constant k1. This contention is
supported by the variety of apparent first-order results obtained for reactions
following the oxidation of aromatic hydrocarbons in solvent systems of varying
degrees of purity.

Cruser and Bard took this kinetic process into account by writing the rate
law for Eq. (78),

(79)

in finite difference form, allowing C to correspond to A�• as was done
previously:

∆fC(J)/∆t � �k1fC(J) (80)

Rearrangement and substitution of the definition of ∆t [Eq. (26)] for a potential
step experiment yields

(81)

where k1tf is a dimensionless parameter that defines the magnitude of the pseudo-
first-order rate constant. Because ∆fC(J) cannot exceed fC(J), k1tf cannot exceed
L. Applied repeatedly to the C array between successive iterative calculations of
diffusion, Eqs. (22) and (23), Eq. (81) results in a very effective model for the
effect of cation decay on ECL phenomena.

One of the first simulations attempted by Cruser and Bard was that of
multiple potential step diffusion-controlled ECL generation under the influence
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of cation decay kinetics. Plots of their dimensionless parameter ZLUM, identical
to Feldberg’s ω (within the exact interpretation of Φ, “the quantum efficiency”),
are presented in their paper over 50 cycles, each of duration 2tf for three different
values of k1tf. In the absence of cation decay, k1tf � 0, the simulation predicts
identical integrated ECL intensity over successive odd and even half-cycles, so
that the integrated intensity during the 2jth peak is equal to that of the (2j�1)th,
and the intensity ratio of successive even and odd peaks is equal to 1. When k1tf
is greater than zero, the simulation predicts that these integrated peak intensities
will not be identical, and decay in ECL intensity commensurate with the extent
of cation reactivity is predicted. Cruser and Bard noted that although the long-
term effect of cation decay kinetics was a gradual diminishment in ECL

Figure 4 Theoretical plot of the integrated intensity ECL ratio for successive peaks vs,
log (k1tf). This working curve can be used for the evaluation of k1 from experimental data.
Experimental fits for DPA (225 s�1), rubrene (0.56 s�1), and TPP (13 s�1), are shown;
parenthetic results show the values of k1used to fit the experimental data to the working
curve. (From Ref. 16.)
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intensity—which had been observed experimentally—the ratio of the integrated
intensity of the 2jth peak to that of the (2j�1)th peak was the same for all
successive peak pairs for a given value of k1tf. This observation led Cruser and
Bard to propose an ECL method for determining the magnitude of k1 using a
“working curve” that plotted the simulated ECL peak intensity ratio against log

1 f

perhaps for the first time, a semilogarithmic method for comparing results
obtained experimentally with those obtained via digital simulation. Bezman and
Faulkner would subsequently [47] employ this working curve concept
extensively in their work on the absolute measurements of DPA-ECL.

In addition to developing this working curve for the experimental
determination of kf, Cruser and Bard investigated the effect of cation decay, Eq.
(79), upon the ECL transient as manifested in the Feldberg plot. These plots are

1 f

and the intercepts of these plots decrease with increasing k1tf according to these
authors, with the slope decreasing from a maximum value of �1.45, as predicted
for S-route ECL by Feldberg. Cruser and Bard failed to note, however, that the
slope of the simulated Feldberg plot is highly dependent upon whether the
unstable ion was generated during the forward or reverse potential step. (Bezman
and Faulkner [19] would subsequently confirm that behavior like that illustrated
in Figure 5 is predicted only when the unstable species is generated during the
reverse step.) In addition, they did not note the significance of the Feldberg plot
slope variations with increasing values of k1tf.

In retrospect, this significance is quite apparent. While Feldberg was
focusing on luminescence phenomena to account for slope variations in his plots,
Cruser and Bard were demonstrating that slope variations could also be caused
by the electron transfer processes. It would remain for Bezman and Faulkner to
note that the real virtue of the digital simulation was to provide an ongoing
measurement of the rate of the electron transfer processes taking place within the
diffusion layer and to use the results of simulations like those carried out by
Cruser and Bard to provide this rate as input for the luminescent interpretation
that had been developed by Feldberg. By combining these two ideas, Bezman
and Faulkner were able to rationalize a wide variety of experimental Feldberg
plots and were able to obtain absolute ECL measurements for several systems.

VII. ABSOLUTE ECL MEASUREMENTS AND TOTAL
TRANSIENT ANALYSIS

At the same time (and in the same laboratory) that Cruser and Bard were
employing finite difference methods to provide a theoretical basis for

Copyright © 2004 by Marcel Dekker, Inc.

k t . This plot appears in Figure 4. This plot is noteworthy because it illustrates,

shown for several different values of k t in Figure 5a. Note that both the slopes
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Figure 5 (a) Feldberg plots of log ZLUM vs. (t/tf)1/2 for various values of (k1tf), the
dimensionless rate constant associated with pseudo-first-order cation decay. (b) A plot
showing the slope of these Feldberg plots as a function of k1tf. Note that ZLUM is the
dimensionless parameter identified as ω by Feldberg. (From Ref. 16.)
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understanding cation decay effects in transient ECL investigations, Faulkner and
Coworkers were conducting experimental investigations of magnetic field
effects upon ECL intensity [48,49]. The results of these transient experiments are
reported elsewhere in this volume. What is important here is that transient ECL
experiments were being conducted on a variety of systems in the presence and
absence of a magnetic field, and those systems that were (or were likely to be)
energy-deficient exhibited a marked increase (5–30%) in ECL intensity in the
presence of an 8000 G magnetic field. Faulkner and Bard viewed this increase in
intensity as evidence for triplet–triplet annihilation in these energy-deficient
systems. Systems that were likely to be energy-sufficient, such as 9,10-DPA and
1,3,6,8-tetraphenylpyrene (TPP), exhibited no such intensity enhancement, and
Faulkner and Bard took this as absence of triplet participation in the ECL
mechanism. Thus, these magnetic field experiments offered experimental
evidence indicating whether a given system produced ECL via the S route or by
one of the triplet routes, the T route or the ST route. It was in search of the
confirmation of this magnetic field evidence that Faulkner embarked upon a
series of finite difference simulations that were to provide the first complete
analysis of transient ECL phenomena employing Feldberg plots [19].

Significance was attached to both the slope and the intercept as a result of
this simulation, and criteria were provided to distinguish T-route production of
ECL from that produced by the direct formation of singlets. Taken in
conjunction with the magnetic field results, this work provided profound insight
into the ECL mechanism.

The results reported by Bezman and Faulkner relied heavily upon the
luminescent triplet quenching analysis employed by Feldberg [46]. However,
they considered several processes that were not included in that work. In
addition to the fundamental S- route sequence described in Eqs (1)–(4) and the
T-route sequence of Eqs. (54), (55), and (65) proposed by Feldberg, Bezman and
Faulkner explicitly took the following additional reactions into account:

A�• � A�• → 2A (ion annihilation to ground state)          (82)
3A* � 3A* → 3A* � A (triplet deactivation) (83)
3A* � 3A* → 2A (TTA to ground state) (84)

Reaction (82) was regarded as diffusion-controlled, but the luminescent
processes represented by Eqs. (82) and (83) were assigned binary rate constants
(kt and kg, triplet and ground state channels, respectively). The binary rate
constant for Eq. (55) that Feldberg identified as kT was specified as ks, i.e., the
singlet-state channel. Bezman and Faulkner also pointed out that the triplet
quenching reaction described in Eq. (65) was just one component of a total triplet
quenching sequence,

3A* (�Q) → A (triplet quenching—all sources) (85)
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The authors assigned a pseudo-first order rate constant τ�1 to Eq. (85), where τ
is the triplet lifetime in the absence of TTA.

Given this luminescent framework, Bezman and Faulkner proceeded to
develop their equivalents of Feldberg plots, which they expressed in the form

log ωy � ay � by(t/tf)1/2 (86)

In their work, the subscript y � i was used to refer to experimental data, while
the subscript y � n was used to refer to the results of a simulation. Thus, the
recursion relationships noted previously, e.g., in Eq. (74), would be viewed
by these authors as an expression of an experimental consequence, ωi, to a
simulated result, ωn. In making this distinction they were able to view ωn, as
Feldberg had done but in less lucid fashion, as a theoretical redox reaction rate
parameter obtained via digital simulation. This formalism readily displays what
might not be obvious. For example, if Φ is the ECL efficiency, then

ωi � Φωn (87)

and the combination of Eq. (87) with the experimental and theoretical versions
of Eq. (86) at t � 0 reveals that

log Φ � ai � an (88)

Thus, this comparison of the experimental intercept of the Feldberg plot, ai, with
the theoretical intercept an determined via digital simulation can be used to

confirmed experimentally by the authors. It must be emphasized, of course, that
the value of an

Employing this nomenclature, Bezman and Faulkner set out to obtain finite
difference results for T-route generation of ECL that would exhibit mechanistic
variations in the slope and intercepts of the simulated Feldberg plots. Their
methodology was quite similar to that employed by Feldberg, with the already
noted exceptions of the additional included reactions and the fact that the
dimensionless width of the luminescent reaction zone, f(t), was taken to be a
function of time. Rather than attempting to take S-route or ST-route ECL
generation into account by employing the fraction γ as Feldberg did, e.g., in Eq.
(66), the authors simply declared Eq. (3) to be inoperative so that only T-route
ECL was subjected to luminescent analysis. That bridge having been crossed,
they then proceeded to write an expression for d[3A*]/dt that they set equal to
zero as they invoked the steady-state assumption. The resulting quadratic was
solved for [3A*]ss, and this quantity was used in an expression for I([3A*]ss) to
obtain an expression for I(t) or ωi in terms of the roots of the quadratic expression
for [3A*]ss. This procedure is directly analogous to that employed by Feldberg in
the development of Eq. (74), but the result is somewhat more complicated due to
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can depend upon mechanistic parameters, as illustrated in Figure

determine the ECL quantum efficiency. This relationship was subsequently

5.



the fact that the additional reactions were taken into account:

ωi � β[1 � (1 � αωn/β)1/2] � 1/2αωn (89)

where α is a T-route efficiency parameter

α ≡ φt φtt φf/(1�g) (90)

and β is a T-route quenching parameter

β ≡ f(t)tf φtt φf/8ka τ2 CA*(1�g)2 (91)

[Note that the quantity defined as β in Eq. (91) is not the same quantity defined
as β by Feldberg in Eq. (71), even though both refer to the triplet quenching
process.]

The symbolism employed in these definitions of α and β has, for the most
part, been defined above, with the additions

ka � kg � kt � ks (92)

and

g � kt/2ka (93)

while φf is the fluorescence efficiency, φt is the probability of triplet formation
per electron transfer event, and φtt is the probability of excited state singlet
formation in triplet–triplet annihilation.

Having derived Eq. (89) as the general expression for T-route ECL,
Bezman and Faulkner then sought to identify those values of α and β that would
produce linear renditions of log ωi vs. (t/tf)1/2. Using a minor modification of the
finite difference methodology employed by Cruser and Bard, they were able to
refine Feldberg’s estimate for ωn, the dimensionless representation of the rate of
solution-phase charge transfer,

log ωn � �1.483 (t/tf)1/2 � 0.724 (94)

which they used, in the absence of cation decay, as input to Eq. (89). Using this
technique they were able to obtain predictions of linear experimental Feldberg
plots for (α/β) � 0.1,

log ωi � ai � bi(t/tf)1/2 (95)

where ai and bi as output depend upon α and β as input to the computation.
Hence, it is possible to construct working curves or relationships that will allow
one to determine α and β from ai and bi. Working graphically, the authors found
that the appropriate solutions were of the form

log α � r(bi) � ai (96)

and
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log β � s(bi) � ai (97)

i i

establish that ECL is produced via the T-route process, one can readily determine
α and β from the intercept and slope of the experimental Feldberg plot, ai and bi,
respectively. Bezman and Faulkner were quick to point out that while α was of
greater interest because it alone is proportional to ϕt, the probability of triplet
formation per electron transfer event, β is of more use diagnostically in T-route
processes because of its association with triplet quenching. This is of little
surprise, of course, because it was upon the suggestion of Marcus regarding
triplet-quenching effects that Feldberg launched this investigation in the first
place. What is noteworthy, however, is that by taking all triplet processes into
account, Bezman and Faulkner were able to demonstrate that Feldberg plots
might exhibit a range of slopes under the influence of T-route ECL generation.
From Figure 7 it is clear that most of this variability is due to β. They have, in
fact, reported results [50,51] where 10�4 � β � 10�2, which corresponds to
experimental slopes in the range �1.9 to �2.5, so that Feldberg plots with slopes

Figure 6 Working curve for r(bi), which may be used in conjunction with Eq. (96) to
evaluate α, the T-route efficiency parameter, from ai and bi, the intercept and slope of the
experimental Feldberg plot. (From Ref. 19.)
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where r(b ) and s(b ) are displayed in Figures 6 and 7. Thus, if it is possible to
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in this range might be taken as a preliminary indication of T-route generation. It
must be observed, however, that cation decay can produce the same effect upon
the slope.

It has already been noted in Eq. (88) that Φ, the ECL efficiency, can be
determined by comparing ai and an, the experimental and theoretical intercepts,
respectively. Bezman and Faulkner sought to compare this value of Φ with a
value for Φ obtained from Φcoul, which they defined as the ratio of the total
quantum output to the number of reactant ions produced in the system during the
forward potential step. In order to measure Φcoul experimentally it was necessary
to set up and calibrate an integrating sphere that could measure the absolute
luminescence produced during the double (or in Faulkner’s nomenclature, triple)
potential step experiment and to compare this with the charge that passed during

Figure 7 Working curve for s(bi), which may be used in conjunction with Eq. (97) to
evaluate β, the T-route quenching parameter, from ai and bi, the intercept and slope of the
experimental Feldberg plot. (From Ref. 19.)
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the forward step. Chronocoulometry was employed to determine Qf, the total
charge given to ion production during the forward step, and Bezman and
Faulkner used this quantity along with the integrated intensity to determine Φcoul.

(98)

A problem arises, however; Φ ≠ Φcoul because Qf is not an exact measure of the
number of ion annihilation reactions that take place in the diffusion layer. Some
of the ions produced during the forward step diffuse away from the electrode and
are not ever available to react with the ions produced during the reverse step.
This fraction, θ�1 in the authors’ notation, can easily be computed using digital
simulation, and they determined that in the absence of any homogeneous kinetic
complications θ � 1.078, thereby indicating that roughly 93% of the ions
generated during the forward step are able to undergo ion annihilation thereafter,
so that

Φ � θ Φcoul � 1.078 Φcoul (99)

in the absence of any homogeneous reactions such as cation decay that, in effect,
remove reactive ions from the diffusion layer.

In the event that homogeneous reactions alter the fundamental ion
annihilation reaction rate, ωn, as given by Eq. (94), the effect of this instability
must be taken into account. Bezman and Faulkner did this by conducting
additional simulations in order to derive expressions for ωi under the influence
of a pseudo-first-order reaction of an electrogenerated ion leading to an inactive
product, as in Eq. (78). Although this work mimicked that of Cruser and Bard, it
resulted in a more thorough presentation of the outcome in the form of simulated
Feldberg plots:

log ωn � an(k1tf) � bn(k1tf) (t/tf)1/2 (100)

that expressed the coefficients an and bn as functions of the dimensionless
simulation input parameter k1tf. These coefficients are shown as a function of k1tf

reverse step, respectively.
These working curves are applicable any time a pseudo-first-order

following reaction causes a depletion of one of the ionic ECL precursors to take
place within the diffusion layer. Feldberg plots constructed from them can be
used to interpret S-route systems directly. In addition, the resulting equations
may be taken as the redox rate input equation for T-route ECL, Eq. (89).
Feldberg plots constructed from the output of this process could be used, in
theory, to model T-route ECL under the influence of ion precursor instability, but
in practice this is both difficult (because it involves a multiparameter fit) and
unnecessary (because energy-deficient T-route systems generally have

Φ = ∫
∞

coul  
F

Q
f

I t dt( )
tf
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in Figures 8 and 9 for the cases of unstable ion generation during the forward and



unreactive precursors). Energy-sufficient systems frequently have reactive redox

applicable in these cases.
Particularly interesting is the fact that the order of unstable ion generation

produces markedly different results. Figure 8 shows the well-behaved results of

Mass Transfer and Homogeneous Kinetics 135

Figure 8 Working curves depicting the effects of the generation of unstable reactant
during the forward step. The Feldberg plot coefficients an and bn are shown as functions
of the dimensionless rate constant k1tf. The reciprocal of the ion annihilation collection
efficiency is given by θ. (From Ref. 19.)

Copyright © 2004 by Marcel Dekker, Inc.

products, however, and the working curves shown in Figures 8 and 9 are



generating the unstable ion first. Both the (negative) slope and the intercept of
the theoretical Feldberg plot increase with increasing k1tf. Note that the Feldberg
slope can range anywhere between its maximum, �1.483, and �3.00 depending
upon the magnitude of k1tf; this suggests that ion decay under these conditions
can be far more responsible for Feldberg slope variation than any effects due to
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Figure 9 Working curves depicting the effects of unstable reactant generation during
the reversal step. The Feldberg plot coefficients an and bn are shown as functions of the
dimensionless rate constant (k1tf). The reciprocal of the ion annihilation collection
efficiency is given by θ. (From Ref. 19.)
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luminescence kinetics. The reciprocal of the ion annihilation collection
efficiency also increases with k1tf, indicating that only about 25% of the unstable
ions generated during the forward step are collected by ion annihilation if k1tf

values of k1tf the coefficient an remains constant as bn becomes more negative.
At higher values of k1tf the coefficient an decreases and bn becomes more
positive. This behavior was subsequently observed experimentally by Bezman
and Faulkner in studies of DPA ECL [47], and it required them to limit their
investigation of the effects of DPA cation instability on anodic forward steps

Armed with the results of this monumental paper, Bezman and Faulkner
set out to experimentally investigate systems that were believed, on the basis of
magnetic field experiments, to proceed to ECL via the different routes. In three
successive papers they considered the ECL of DPA [47], rubrene [50], and the
mixed fluoranthene–10-methylphenothiazine system (10-MP) [51]. The reader is
directed to these papers for details, i.e., absolute measurement of ECL using
potential steps at several different concentrations, etc., but a synopsis of the
applications of this theory to these experimental systems follows:

1. DPA. This system was found to exhibit Feldberg slopes in the �1.8 to
�2.2 range. Because DPA is energy-sufficient and never reported to exhibit any
magnetic field effect, slopes much closer to the minimum value of �1.48 were
anticipated for this system but were not observed. Bezman and Faulkner were
able to attribute the disparity between fact and anticipation entirely to the
instability of the DPA cation (using the working curves of Figure 8 with values
for k1 obtained from cyclic voltammetry) and to reconcile these slopes with the
S-route character of DPA. Favorable comparisons were obtained at all
concentrations for the ECL efficiency Φ determined from the intercept of the
Feldberg plots using Eq. (88) and from θ Φcoul using Eq. (99). The ECL
efficiency increased with increasing concentration and approached a value of 2.5
� 10�3 in the asymptotic limit.

2. Rubrene. Suspicions that rubrene ECL proceeded via the T route on
the basis of magnetic field effects were confirmed by applying the results from
the finite difference simulations described above to these experimental
observations. Feldberg slopes in the �1.9 to �2.8 range were observed with no
indication of instability for either ionic precursor to ECL. This required Bezman
and Faulkner to fit these data using the T-route methodology described above.
At each rubrene concentration in DMF and benzonitrile solutions the slope and
the intercept of the Feldberg plot were recorded and the absolute value of Φcoul

was measured. From these data α and β were computed using Eqs. (96) and (97)

obtained using Eq. (99) and found to be 10�3 for rubrene in benzonitrile and 5
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exceeds 1.5. The behavior shown in Figure 9 for unstable ion generation during
the reverse step is, like that reported in Figure 5, less well behaved. At low

where the working curves of Figure 8 apply.

along with the working curves shown in Figures 6 and 7. The efficiency Φ was
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� 10�4 for rubrene in DMF. Analysis of the results reported for α at each
concentration yielded an estimate for φt, the probability for triplet formation per
electron transfer event. Bezman and Faulkner estimated this in the 10–30%
range, with the remainder of collisions producing ground-state molecules.
Whereas Φ exhibited little dependence on the direction of the initial potential
step, the efficiency parameter α and the quenching parameter β both exhibited
considerable dependence upon reaction sequence in benzonitrile. This was
attributed to the oxidation of water impurities in these solutions.

3. Fluoranthene–10-MP. This study is noteworthy because it considers a
mixed system that was believed to be energy-deficient on the basis of magnetic
field effects [49] and triplet quenching experiments [52]. In this work, Bezman
and Faulkner carried out a series of potential step experiments on solutions
containing concentrations of fluoranthene and 10-MP in the vicinity of 1 mM in
order to observe ECL corresponding to fluoranthene luminescence. Potentials
were switched between �1.70 and �0.77 V (vs. QRE) in order to produce the
fluoranthene anion and the 10-MP cation as the ionic precursors to ECL. Slopes
of the resulting Feldberg plots were in the �2.0 to �2.9 range, with most
observations approaching the upper limit �2.96 that can be expected for the T-
route mechanism. On the basis of these observations Bezman and Faulkner
tentatively made the T-route assignment and went on to carry out a series of
digital simulations that resulted in the computation of an, bn, and θ for the mixed
system. Rather than having to resort to working curves as they did in their
original T-route simulations, Bezman and Faulkner found that these computed
quantities could all be expressed as simple functions of R, the ratio of the bulk
concentration of the precursor of the ion formed during the first potential step to
that of the precursor of the ion formed upon reversal. Using these minor
computational adjustments, they were able to linearize Eq. (89) and employ the
result along with Eq. (99) to obtain a complete ECL characterization of this
mixed system. Values of α, β, and Φcoul are reported for each fluoranthene–10-
MP concentration pair along with the slopes and intercepts of each Feldberg plot.
From these data, Bezman and Faulkner determined that Φ for this system is
approximately 8 � 10�5 and estimated that φt, the triplet yield of the ion
annihilation reaction, is approximately 30%.

VIII. ANALYSIS OF STEADY STATE ECL AT THE RRDE

Most of the early ECL investigations were carried out using the transient current
methods described above; then workers in the Bard group began to use the
rotating ring-disk electrode (RRDE) in an attempt to observe and interpret
steady-state ECL emission. As early as 1968, Maloy et al. [53] reported the
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initial observation of ECL at the RRDE. This work was noteworthy because it
demonstrated that the ECL phenomenon occurs as a result of the reaction of
solution-phase species rather than resulting from electrode surface processes, a
possibility that could not easily be excluded on the basis of single-electrode
transient experiments. Having demonstrated that steady-state ECL resulted from
homogeneous reactions that yielded products that could be observed at the
RRDE, these investigators went on to develop a quantitative model for this
electrode so that it could be used to investigate the kinetics of this process.

Since its introduction by Frumkin and Nekrasov [54], the rotating ring-
disk electrode has become widely used in the study of the homogeneous kinetics

concentric coplanar ring and disk electrodes mounted in a common inert matrix,
coaxial with a shaft about which the entire assembly can be rotated, and
separated from each other by an inert insulating material. Electrical contact is
provided for each electrode so that the ring and disk can be independently
connected to an external source with brush contacts.

When the RRDE is used conventionally, a species is electrogenerated at the
disk electrode while the ring electrode is maintained at a potential at which this
species will be electroactive; thus, the reverse of the disk reaction occurs at the ring.
If A is the species present in the bulk of the solution and B is the species generated
from A at the disk, the reactions occurring in conventional RRDE studies are

A → B (disk reaction)

B → A (ring reaction). (101)

[Equation (101) is identical to Eq. (29), with the exception that two distinct
electrodes—the ring and the disk—are specified.]

The ratio of the steady-state current at the ring to that at the disk under
these conditions is called the collection efficiency (N) because it measures the
fraction of the material generated at the disk that ultimately reaches the ring. If
the species that is generated at the disk is stable, then N is determined only by
the geometry of the electrode and is less than unity and, for the most part,
calculable [55]. If the disk-generated species is unstable, yielding an
electroinactive product X [see Eq. (78)], then N will be an increasing function of
the angular velocity ω of the electrode which, at high ω, approaches that value
of N which would be obtained in the absence of reaction (78). This variation of
N with ω has been treated theoretically by exact [56] and approximate [13]
methods so that the lifetime of the unstable species can be determined
experimentally.

A case in point is the lifetime of the cationic ECL precursor DPA� in
DMF. It has already been shown that in DPA this cation is unstable, yielding an
unknown product X, which is electroinactive at potentials somewhat more
negative than the oxidation of DPA [16]. Although the cation probably reacts
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of electrogenerated species. Shown in Figure 10, the RRDE consists of
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Figure 10 The rotating ring-disk electrode (RRDE). (From Ref. 29.)
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with the solvent system, the rate law for the process is usually written in the
“pseudo-first-order” form of Eq. (78). At the RRDE the cation can be generated
at either the ring or the disk so that Eq. (78) could be taken as either

(102)

or

(103)

The effect of the first-order decay of the disk-generated species [Eq. (102)]
on the collection efficiency is shown in Figure 11. Here the simulated collection
efficiency is plotted as a function of a dimensionless rotation rate parameter; the
filled circles are results obtained from the simulation. As expected, the collection
efficiency is predicted to rise with increasing ω, ultimately approaching the

Figure 11 RRDE collection efficiency results for DPA� �. The dimensionless plot was
obtained for the given electrode using digital simulation. Filled circles show simulated
points; open circles represent experimental data fitted to the simulated curve. Experiment
was fit to theory by setting k1 � 4.1 s�1. (From Ref. 29.)

B X              (ring-generated species unstable)
k
1 →

B
k

X1 →               (disk-generated species unstable)
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theoretical collection efficiency of the electrode in the absence of kinetic
complications. The open circles are points obtained from collection efficiency
measurements made on the disk-generated DPA cation; the experimental curve
was fit to the simulated curve by setting

k1 � 4.1 s�1 (104)

in the dimensionless simulation parameter shown as the abscissa of this plot.
Hence, the lifetime of the DPA cation in DMF was found to be 0.25 s by this
study. (This lifetime is considerably longer than that reported previously [16];
the two measurements were made using different techniques, and the solutions
were prepared from solvents purified in different ways. This increase in cation
lifetime probably reflects improvements made in the solvent purification process
rather than an error made in either determination. Indeed, further improvements
in solvent purification techniques resulted in even slower decay kinetics for the
same process reported subsequently by Bezman and Faulkner [47] and described
above.) This illustrates the conventional use of the RRDE in kinetics studies.

In the vast majority of conventional ECL studies, the anion and cation
radicals of the precursor are alternately generated at a single electrode, as
described previously. These methods are fraught with difficulties due to the
complex nature of the resulting current–time–intensity behavior. In order to
obtain meaningful quantitative results, both the current and the ECL intensity
must be integrated, as in the work of Bezman and Faulkner [47], but even when
this is done one must rely upon the results of a finite difference simulation to
connect observation with interpretation.

These transient ECL problems can be overcome through the
unconventional use of the RRDE; instead of the ring electrode being used to
collect the species made at the disk, it is used to generate a species other than that
being formed at the disk. Thus, the least complicated set of electrode reactions in
the RRDE-ECL experiment can be written

A → B (disk reaction)

A → C

B → C (ring reaction) (105)

where the latter ring reaction is thermodynamically unavoidable. These
simultaneous reactions are identical to the serial processes described for a single
electrode in Eqs. (39)–(43). Generation of B and C, the radical ion ECL
precursors, is followed by their reaction according to Eq. (41) to produce A*, just
as in the conventional case. Thus, in RRDE-ECL the disk-generated species is
collected by a solution species generated at the ring rather than being collected
by the ring itself. The efficiency of this collection depends upon the rate of the
ECL process relative to the rotation rate of the electrode.

Copyright © 2004 by Marcel Dekker, Inc.



Mass Transfer and Homogeneous Kinetics 143

There are some advantages in using the RRDE in this manner for ECL
studies. As noted above, the central RDE is particularly convenient for
quantitative work because the solutions to the hydrodynamic equations that
describe mass transfer to it are known and produce a closed-form steady-state
current function given earlier in Eq. (11), the Levich equation. The same
hydrodynamics govern the ring electrode, and the steady state can be attained
quickly at both electrodes at even moderate rotation rates. Therefore, the ring
and the disk may be set at independent potentials that can cause the simultaneous
generation of the radical ion precursors to produce steady-state ECL under
steady-state current conditions. Because there is no alternation of potential at
either electrode, charging currents are negligible once the steady state is attained,
and the current at either electrode can be easily measured. As an added
advantage, the typically larger electrode area and greater material flux of the
rotating ring-disk results in greater quantities of ECL emission.

Even though the RRDE has many experimental advantages in the study of
ECL phenomena, its use also requires the results of a finite difference simulation
in order to relate observation with results. As a consequence of these simulations
and some pertinent experimental observations, it has been proposed that RRDE-
ECL studies are an ideal way to determine Φcoul, the efficiency of the current at
producing luminescence [29]. What follows, then, is a description of this
theoretical development.

The simulations used in the interpretation of RRDE-ECL are based upon
those developed by Prater [28] for use in the RRDE investigations of
homogeneous kinetics described in Eqs. (102) and (103). These RRDE
simulations are based, in turn, upon the RDE simulations described previously
in Eqs. (47)–(53).

In extending these RDE results to RRDE and RRDE-ECL with digital
simulation, one models the hydrodynamic layer of the solution by dividing it into

concentration of any species in solution is considered to be uniform within a
given element. Because of the cylindrical symmetry of the RRDE, the solution
is divided into several layers of thickness ∆x parallel to the electrode surface,
with each layer containing a cylindrical element of diameter ∆r that is centered
on the axis of rotation. A series of concentric annular elements, each of width ∆r,
make up the remainder of each layer. Each element is numbered with its layer
number J and its radial number K; hence, the relative concentration of any
species (its real concentration divided by the bulk concentration of a species
present initially) can be specified as fi(J,K). Thus, in the nomenclature developed
by Prater [28], fB(J, K) is “the relative concentration of the Bth species in the Jth
layer and the Kth ring.”

Diffusion, convection, and chemical reactions (kinetics) of the species that
occupy these volume elements are all functions of time. These temporal changes

Copyright © 2004 by Marcel Dekker, Inc.
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are modeled iteratively, each iteration of duration ∆t generating a new two-
dimensional concentration array for each species present. The finite difference
expressions for modeling linear diffusion, convection normal to the electrode, and
chemical kinetics have been given in Eq. (22), Eq. (52), and, e.g., Eq. (46),
respectively. Modeling the RRDE via digital simulation requires that one
additional mode of mass transport—radial convection—be taken into account.
(Actually, radial diffusion is also present as an additional mode of mass transfer,
but its effects are assumed to be negligible with respect to radial convection.)

Radial convection is simulated in the same way that normal convection is
simulated, as described in Eqs. (47)–(52). The laws of hydrodynamics are used to
calculate the distance the solution in a given volume element travels radially during
the interval ∆t, and a new array is generated by effecting these translations for each
volume element. Because the hydrodynamic equation for radial convection differs
from Eq. (47) given above for normal convection, the radial convection algorithm
begins with a differential equation for radial hydrodynamic transport:

Figure 12 Two-dimensional volume element grid employed in the simulation of RRDE
and RRDE-ECL phenomena. Fractional concentrations are specified as f(J,K), where J
corresponds to the direction that is normal to the electrode and K corresponds to the radial
direction. (From Ref. 28.)
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(106)

where r is the radial distance from the axis of rotation and all other factors are as
described previously. This expression can be rearranged and integrated between
t2 and t1 (holding x constant) to obtain

ln (r2) � ln (r1) � �0.51 ω3/2ν�1/2x(t2 � t1) (107)

where r2 and r1 are the radial positions of solution volumes at times t2 and t1,
respectively. This expression can be further rearranged by combining it with Eq.
(21) and setting t2 � t1 � ∆t:

ln (r1/r2) � 0.51 ω3/2ν�1/2 (J�1) ∆x ∆t (108)

Upon setting r1 � K1∆r and r2 � K2∆r and making appropriate substitutions for
∆x and ∆t, Eq. (108) becomes

(109)

This equation can be rearranged to obtain an expression for K2, the serial number
of the radial volume element containing the solution that will be found at radial
volume element K1 at the end of the ∆t interval:

(110)

This equation is employed repeatedly to compute radial convection within the
Jth layer the same way that Eq. (52) is used to compute normal convection: The
contents of the computed volume element K2 are transferred to each volume
element K1 to simulate radial convection:

fi(J, K1) � fi(J, K2) (111)

The algorithm is then carried out over the elements within the next layer until
radial convection has been modeled in all the normal layers. Because K2 need
not be an integer, some interpolation may be necessary, and some care must be
taken to avoid overwriting recently computed data. Moreover, because the first
radial volume element is a cylinder with a base equal in area to the area of the
disk electrode, values of K must be assigned to the annular ring elements that are
proportional to the radial displacement of that element. Details are given by
Prater [28,57].

Variables of electrochemical interest are specified by the electrode
boundary conditions that give rise to the concentration gradients in solution.
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Current is measured as the flux of electroactive material into the electrode under
a given set of potential-dependent electrode conditions. Although it is easy to
simulate any reversible electrode potential or any magnitude of constant current,
the simulations reported herein all assume a potential such that the concentration
of the electroactive species goes to zero at the electrode and the limiting current
is achieved.

As noted previously, the validity of this kind of simulation depends upon
the extent to which the dimensions of ∆x, ∆r, and ∆t approach zero, in order that
the problem may approach differential form. This is achieved by judiciously
defining ∆t as in Eq. (26) and ∆x as in Eq. (28) in terms of DM, the model
diffusion coefficient, and tk, a known time that is appropriate for the experiment
under consideration. In these simulations the model diffusion coefficient of all
species was set at DM � 0.45. As noted in Eq. (51), it is appropriate to express
tk in terms of the reciprocal of the angular velocity ω�1, DA, and ν (the
kinematic viscosity of the solvent) in RDE and RRDE simulations. Therefore, ∆t
is defined as in Eq. (26) and becomes

(112)

where L is an assigned number of time iterations. In the course of this work it
was found that by setting L � 50, it was possible to attain steady-state conditions
after 3L iterations. Note that the dimensionless coefficient (ν/DA)1/3 appears as a
result of the fact that hydrodynamic behavior depends upon solution viscosity.

Finally, ∆r is defined by IR1, the number of elements representing the disk
electrode,

∆r � r1/(IR1 � 0.5) (113)

where r1 is the actual radius of the disk electrode and IR1 is an assigned variable.
For the electrode used in the experimental work that is modeled below,

r1 � 0.145 cm, r2 � 0.163 cm, r3 � 0.275 cm

and the simulation variables IR2 and IR3, which respectively represent the inner
and outer radius of the ring electrode, were in the same proportion to IR1 as r2

and r3 were to r1. Thus, specifying IR1 � 81 sets IR2 � 91 and IR3 � 154. These
values were used in all the simulations reported herein. Strictly speaking, the
conclusions reached as a result of these simulations are valid only for an
electrode of this geometry.

Because the basic RRDE program written by Prater calculates collection
efficiencies, some modification of boundary conditions is required to treat
RRDE-ECL according to Eq. (105). For the disk electrode, these are unchanged
by the introduction of C, a ring-generated species. They are

∆
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fA′(l, 1) � fA(l, 1) � 0 (114a)

fB′(l, 1) � fB(l, 1) � DMA [fA(2, 1)] � DMB[fB(l, 1) � fB(2, 1)] (114b)

fC′(l, 1) � fC(1, 1) � 0 (114c)

where primed quantities exist at the start of the next iteration. Note that only one
element is required to simulate the IR1 elements making up the disk electrode,
and K � 1 in these equations; this is possible because the disk is a uniformly
accessible surface so that the same conditions would obtain for each element.
The quantity DMA [fA(2, 1)] represents the amount of species A that is converted
to B at the disk; this is proportional to the disk current.

Because the ring is not uniformly accessible, each ring element must be
treated separately. The boundary conditions for each ring element become

fA′(1, K) � fA(1, K) � 0 (115a)

fB′(1, K) � fB(1, K) � 0 (115b)

fC′(1, K) � fC(1, K) � DMA [fA(2, K)] � DMB [fB(2, K)]

� DMC [fC(1, K) � fC(2, K)] (115c)

where K is a radial element number of each element within the ring. The current
at the ring is proportional to the area-weighted sum of the currents of each ring
element:

This summation is carried out over all KR elements representing the ring; A(K)
is the area of the Kth ring and AD is the area of the disk. Note that the total current
is the sum of current contributions from both species A and species B.

Diffusion and convection are treated just as in previous RRDE
simulations; therefore, the only remaining additional complication of the RRDE-
ECL simulation is the treatment of Eq. (41), the kinetically controlled reaction
of B and C to produce A*. Species B and C, of course, are the radical ions of A,
the hydrocarbon present initially, and the reaction in question is the solution-
phase electron transfer reaction given in Eq. (3), which has been the subject of
much of the prior transient analysis. This analysis results in a two-dimensional
representation of Eq. (46), the finite difference rate expression for the production
of A*:

(116)

which becomes the appropriate rate law for RRDE-ECL by substituting the
appropriate expression for tk given in Eq. (51):
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The bracketed quantity (ν/DA)1/3 k2CA*ω�1 is the resulting dimensionless rate
constant. This is the final variable input parameter used in the simulation of
RRDE-ECL; variations in (ν/DA)1/3k2CA*ω�1 determine the extent to which
rotation competes with kinetics.

Equation (117) is used to determine the chemical changes due to radical
ion reaction within each element and to quantify the chemiluminescence
occurring as a result of these changes. Because the conversion of the excited
singlet to ground state singlet is quite rapid, the net material effect of each
fruitful encounter of B and C is the production of 2 A. The relative concentration
changes in each element are computed accordingly:

fA′(J, K) � fA(J, K) � 2∆fA*(J, K) (118a)

fB′(J, K) � fB(J, K) � ∆fA*(J, K) (118b)

fC′(J K) � fC(J, K) � ∆fA* (J, K) (118c)

The number of photons emitted from any element during ∆t can be written

∆fA* (J, K) ΦECL CA* [∆x A(K)] (119)

so that I(t), the total ECL intensity (quanta per second) is the sum of the emission
from all the elements divided by ∆t:

I(t) � Σ{∆fA*(J, K) ΦECL CA* [∆x A(K)]}/∆t (120)

Substitution of expressions for ∆x and ∆t and division of both members by AD

yields, after rearrangement,

(121)

where all those quantities on the right-hand side are simulation variables, and the
left-hand side is a valid dimensionless representation of ECL intensity. In this
representation I(t) is rendered dimensionless by ω, an experimental variable;
hence, any use of this parameter in a comparison of real and simulated results
requires that each experimentally observed intensity be normalized by dividing
it by ω1/2 prior to comparison.

This requirement can be eliminated by dividing both sides of Eq. (121) by
[(ν/DA)1/3k2CA*ω�1]1/2 and rearranging:
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(122)

where the left hand side is now a dimensionless RRDE-ECL intensity parameter
that does not depend on ω.

This representation of I(t) is used in the rotation rate simulations that are
reported below. In these simulations the rate parameter (ν/DA)1/3 k2CA*ω�1 was
varied in order to obtain the dimensionless representation of ω described in Eq.

variation of I(t)/[ΦECLAD[DA(CA*)3 k2]1/2 ], the dimensionless ECL parameter
defined in Eq. (122), with the square root of (ν/DA)1/3k2CA*ω�1.

Figure 13 actually consists of two graphs, that have the same ordinate
and lie adjacent at a common point; the abscissa of the graph on the right,
however, is the reciprocal of that on the left plotted in reverse. Hence, the
total abscissa is drawn with ω increasing in a nonlinear fashion from left to
right, and all possible values of ω are shown. Also note that the denominator of
the ordinate variable contains only factors that are constants, given a set of
experimental conditions; similarly, the abscissa variables can change only when
experimental values of ω change. Thus, Figure 13 is the dimensionless
representation of the I(t) vs. ω behavior of RRDE-ECL using an electrode of the
geometry specified.

The simulation predicts that RRDE-ECL intensity will increase with
increasing rotation rate, go through a maximum, and decrease thereafter. The
maximum (point b on the graph) is predicted when

(DA/ν)1/6 (ω/k2CA*)1/2 � 0.4 (123)

or, since ν/DA ≅ 103 for systems of electrochemical interest, when

ω � 1.6k2CA* (124)

Because the maximum rotation rate possible with typical instrumentation is ~103

s�1 and the minimum practical concentration of electroactive species is ~10�3 M,
the ECL maximum can be reached only if k2 is less than 106 M�1 s�1. This is far
below a bimolecular rate constant approaching the diffusion control limit suggested
by the transient experiments described above.

In addition to point b, two additional points are marked in Figure 13, and
vertical lines passing through these points divide the graph into three regions.
Interior to point a the simulation predicts linear behavior, with the straight line
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(122). The results of this simulation are displayed in Figure 13, which shows the
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Figure 13 Variation of steady-state ECL intensity with rotation rate in RRDE-ECL. Note that this figure consists of two
graphs sharing a common ordinate but having reciprocal abscissas that decrease in opposite directions and are joined
together where both are equal to 1. (From Ref. 29.)
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passing through the left origin; exterior to point c a straight line passing through the
right-hand origin is predicted. This indicates that as I(t) is increasing, it increases
with ω1/2, but as it decreases, it decreases with ω�1/2. More important, it may be
noted that, in theory, three distinctly different types of ECL behavior can be
observed, depending upon whether the reaction kinetics are fast, slow, or
intermediate with respect to the rotation rate.

Concentration contours at these three rotation rates (a, b, and c) for species A
and C are shown in Figure 14. These graphs depict lines of equal concentration
within the region bounded by a radius of the electrode and the hydrodynamic layer
to a thickness of 2δ where

δ � 1.8DA
1/3ν1/6ω�1/2 (125)

Three vertical lines partition the hydrodynamic layer (which is drawn here
increasing in a negative direction) into areas below the disk, gap, ring, and shield of
the electrode. The lines of equal concentration are drawn every 0.10 unit of relative
concentration. Figure 14(I) depicts species A so that the outermost (lowest) line is
the line of 0.99 relative bulk concentration; Figure 14(II) shows species C with the
outermost line of relative concentration 0.01. These differences result, of course,
because A is moving toward the electrode whereas C is moving away from it. Two
pertinent facts may be noted:

1. When the reaction is fast [Fig. 14(Ia)], a high concentration of A, the
product of the ECL reaction, forms at the inner edge of the ring
electrode.

Figure 14 Concentration contours for (I) the parent hydrocarbon (A) and (II) the ring-
generated species (C) in RRDE-ECL. The points a, b, and c refer to the rotation rates

relative concentration. (From Ref. 29.)

Copyright © 2004 by Marcel Dekker, Inc.

identified in Figure 13. The lines of equal concentration are drawn every 0.10 unit of
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2. At any rotation rate there is very little difference in the contour for species
C. The species generated at the ring always surrounds the disk with a
“doughnut” of reactive material.

Figure 15 is more informative. In this figure the concentration contours of

These contours illustrate the effectiveness of the “doughnut” of C in blocking the
penetration of the disk-generated species B into the bulk of the solution. In
Figure 15(Ia), it is seen that in the fast kinetics regime it is quite effective. In
Figure 15(Ic), (slow kinetics), much of the disk-generated species is seen to
escape into the bulk of the solution.

The effect of this on the ECL produced by the reaction of B and C is shown
in Figure 15(II), where ρ, the spatial density of ECL emission (normal to the
electrode), is shown as a function of electrode radius. If the ECL reaction rate is
rapid with respect to the rotation rate as at point a, the ECL would be seen as a
sharp ring of light close to the inner edge of the ring. At point b, the emission
maximum would be displaced from the inner edge of the ring and the emission
would be spread out, falling to about one-third of the maximum at midring.
Finally, if the rate of the ECL reaction sequence is so slow that there is extensive
penetration of disk-generated species into the bulk of the solution (point c), the
luminescence would appear to cover the ring uniformly. From this it can be
inferred that the appearance of the ECL emission can be used as an indicator of
the rate of the ECL process relative to the rotation rate.

If the process is rapid, ECL will be observed as a bright ring at the
innermost edge of the ring. This region of fast kinetics, as noted above, is a

Figure 15 (I) Concentration contours for the disk-generated species (B); (II) the ECL

concentration. (From Ref. 29.)
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density RRDE-ECL. The points a, b, and c refer to the rotation rates identified in Figure

species B are shown with the outermost line at a relative concentration of 0.01.

13. In (I) the lines of equal concentration are drawn every 0.10 unit of relative



region where I(t) increases with ω1/2. In this region, one can write the equation
of the straight line passing through point a to show this explicitly:

(126)

or, upon rearrangement,

I(t) � 0.62ΦECLADCA*DA
2/3 ν�1/6ω1/2 (127)

This is quite similar to Eq. (11), the expression for the steady state current at the
disk electrode given by Levich. Because the disk current is independent of ring
conditions, Eq. (11) is valid even in RRDE-ECL, and combining the simulation
result of Eq. (127) with the Levich equation yields

I(t) � ΦECL iLevich/nF (128)

which appears to be valid throughout the region of fast kinetics. Placing the
upper limit of the region of fast kinetics at point a yields

(129)

which gives

ω � 0.1k2CA* (130)

as the rotation rate at this limit. This implies that if k2 is greater than 107 M�1

s�1, ordinary instrumentation is incapable of achieving rotation rates outside this
limit, and Eq. (128) is always valid.

This consequence of a fast reaction between B and C is quite reasonable if
one considers what can happen to a species B as it is swept across a ring that is
generating species C:

1. It can react with C.
2. It can be converted to C at the ring electrode.
3. It can escape into the bulk of the solution.

This simulation result in the limit of fast kinetics implies that reaction with the
ring-generated species is the most probable of these three events. This is due to
the fact that the ECL quantum output depends not only upon ΦECL but also upon
the fraction of fruitful encounters between B and C that are experienced by disk-

computed probability of fruitful encounter, P, as a function of the same
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generated species B. This contention is supported by Figure 16, which shows the
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Figure 16 The probability of fruitful encounter between a disk-generated species (B) and a ring-generated species (C) to
produce A* in RRDE-ECL. Note that this probability approaches unity in the region where it is predicted that I(t) is linear
with ω1/2. (From Ref. 29.)
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region where Eq. (128) is valid,

P ≅ 1.0 (131)

so that the disk current is an effective measure of the rate of the chemical
reaction of the radical ion ECL precursors occurring within the hydrodynamic
layer. Under these conditions,

ΦECL � Φcoul (132)

The results of the simulations for this system show that RRDE-ECL can be
used to determine Φcoul, the current efficiency of the ECL process, as long as the
reactions producing the ECL are rapid. In addition, this simulation provides the
diagnostic criteria by which this may be judged. Because the reaction in question
is the electron transfer between the anion radical and the cation radical of a
hydrocarbon, there is every reason to believe that it will be rapid. It has already
been suggested that this redox reaction occurs at diffusion-controlled rates [11],
and if this rate is calculated with the equation of Osborne and Porter [58],

k2 � 8RT/1000η (133)

with η � 0.79 cP for N, N-dimethylformamide (DMF), the solvent most
commonly used in these ECL studies, a hypothetical rate constant of 1.3 � 1010

M�1 s�1 is obtained. This is three orders of magnitude greater than the minimum
rate constant required for Eq. (128) to be valid.

That the ECL emission is localized at the inner edge of the ring can be seen

from the simultaneous oxidation and reduction of 9,10-diphenylanthracene
(DPA) in dimethylformamide solution at the RRDE. Even though some clarity
has been lost through the enlargement and reproduction of this print, it clearly
shows that the ECL emission is concentrated at the inner edge of the ring
electrode. According to the simulation, this indicates that the reaction kinetics
were rapid with respect to the rotation rate (~150 s�1) when this photograph
was taken. In addition, it can be observed experimentally that ECL intensity is
directly proportional to disk current (and thereby proportional to ω1/2) just as
predicted for the fast kinetics region of Figure 13.

All this indicates that the reactions producing ECL are quite rapid, so Eq.
(128) is valid. Accordingly, ΦECL can be determined directly from the steady-
state ratio of the total ECL intensity to the current at the disk,

Φcoul � nFI(t)/iLevich (134)

where both I(t) and iLevich result from steady-state measurements Therefore, only
the precise measurements of the absolute ECL intensity and the disk current are
required to determine the efficiency of the process. The results of these
experimental measurements appear elsewhere[18].
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dimensionless representation of ω used in Figure 13. Note that in the fast kinetics

from Figure 17, a photographic reproduction of the ECL emission that results



The effect of cation decay upon I(t), so important in the interpretation of
the slope of Feldberg plots in transient studies of ECL, can also be investigated
using digital simulation in RRDE-ECL. This can be accomplished by modifying
the basic RRDE-ECL program to include the difference form of the differential
rate law for Eq. (102) or (103). This results in an appropriate decrease in the
quantity representing DPA�• in each volume element. For example, if the
generation of DPA�• at the disk is to be simulated, one would write the rate law
for Eq. (102) in relative concentration form,

�∆fB(J, K) � (k1 ∆t) fB(J,K) (135)

156 Maloy

Figure 17 A photograph of the ECL from 9,10-DPA at the RRDE. Observed at a
rotation rate of ~150 s�1, the diameter of the inner bright ring was ~3.3 mm,
corresponding to the inner ring diameter. This photograph provides evidence of very fast
homogeneous kinetics in the ECL process. (Photograph contesy of T.V. Atkinson.)
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When combined with the appropriate definition of ∆t for the RRDE, this
becomes

(136)

However, the total change in fB(J, K) is the sum of that which is depleted through
cation decay, Eq. (136), and that which is used in Eq. (117), the radical redox
reaction that produces ECL. The addition of these two equations yields

(137)

This can be simplified by setting

k1/k2C* � R (138)

so that Eq. (137) becomes

(139)

where the initial bracketed factor is the dimensionless kinetic input parameter,
which is ω-dependent, and R depends only upon the relative magnitudes of the
rate constants and is ω-independent.

The results of simulations carried out using this technique appear in
1/2 behavior

predicted by Eq. (103) when an unstable species is generated at the ring. Curve
b shows the effect of generating the unstable species at the disk via Eq. (102). In
either case, the reaction of B and C was considered fast with respect to the first-
order decay (R � 10�6) and I(t) and ω were rendered dimensionless by k1 rather
than by k2CA*. Note that the slope of the straight-line portion of either curve lies
very close to the theoretical value of 0.62 predicted by Eq. (127) for the
kinetically uncomplicated case.

Whereas curve a corresponds to the generation of DPA�• at the ring, curve
b corresponds to the collection efficiency experiment where DPA�• is generated
at the disk. In either case ECL is predicted to increase with increasing ω, but in
the latter case it is quite obvious that the effect of cation decay must be overcome
before I(t) is apparently linear with ω1/2. Thus, if I(t) vs. ω1/2 is apparently linear
but with a negative ordinate intercept, this can be attributed to the generation of
an unstable species at the disk. On the other hand, the generation of the unstable
species at the ring is much less likely to show this variation (even though curve
a is is not perfectly linear). The important result to observe here is that at rotation
rates where the disk generation of the unstable species causes an apparently
negative intercept in the I(t) vs. ω1/2 curve, the ring generation of that species
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Figure 18. In this figure curve a shows the RRDE-ECL I(t) vs. ω
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will produce apparent I(t) vs. ω1/2 behavior that extrapolates through the origin.
This is a necessary condition if either one (but only one) of the ionic precursors
of ECL undergoes reaction to form a product that is inactive with respect to the
other.

Armed with these theoretical predictions, Maloy and Bard set out to
determine the experimental ECL efficiencies of a number of systems using the

Figure 18 The effect of an unstable species on intensity–rotation rate behavior in
RRDE-ECL. Curve a shows the effect of generating the unstable species at the ring, while
b shows the effect of generation at the disk. In either case, k1/k2C* was 10�6. The slope
of the straight-line portion of either curve lies very close to the theoretical value of 0.62
predicted by Eq. (127) for the kinetically uncomplicated case. (From Ref. 29.)
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RRDE. This work required the development of a rather elaborate airtight RRDE
cell [17] that would allow the ECL produced at the electrode/solution interface
to be observed and measured. Because the absolute intensity of the ECL
emission was to be measured, the photometric detector used in this work
required actinometric calibration. Initially, it was hoped that the increased ECL
output observed at the RRDE would be sufficient to use it as the light source in
chemical actinometry; thus, the cell was immersed directly in the actinometric
bath. It was soon discovered, however, that the ECL emission from DPA, the
strongest photon source, decayed to a very low intensity in about 100 min, well
before a detectable amount of product developed. Therefore, it was necessary to
employ a surrogate light source with a geometry similar to that of the RRDE in
this calibration. Recognizing this limitation, Maloy and Bard were still able to
use the RRDE to make the first reliable estimates [17,18] of the efficiency of the
ECL process for a variety of systems:

1. DPA. The DPA system was found to exhibit the greatest ECL
efficiency, and efficiencies in the range of 0.2–0.9 � 10�3 were observed [18]
at various rotation rates. These values for Φ were quite similar to those that were
subsequently reported by Bezman and Faulkner [47] (0.6–2.5 � 10�3) using
transient methods and more reliable measurements of absolute luminescence.
The ideal behavior predicted by the simulation, however, was not observed for
either disk-generated radical ion. Plots of I(t) vs. ω1/2 for the ECL observed by
generating DPA�• and DPA�• at the disk exhibited positive ω1/2 intercepts not

species. This necessitated the estimation of Φ from the slope of the linear
portions of these plots, and it was found to vary with ω. These investigators
attributed this deviation from the behavior predicted by the simulation to a
kinetic effect that was not taken into account in the theoretical development.

2. Rubrene. This compound was found to exhibit I(t) vs. ω1/2 behavior
similar to that of DPA, but the observed ECL efficiency was significantly less,
falling in the 0.01–0.07 � 10�3 range in DMF, and varyied with ω [18]. This
measurement was made directly from the slopes of the linear portions of the I(t)
vs. ω1/2 plots, and no attempt was made to take the kinetics of the TTA
mechanism into account in this determination. Bezman and Faulkner would
subsequently find the rubrene ECL efficiency to be significantly greater in
benzonitrile (1 � 10�3) and DMF (0.5 � 10�3), but they specifically imposed
their analysis of TTA kinetics upon the results of their transient experiments
[50]. They would point out that the overall efficiency in a system that emits via
the T route depends upon the volume of the reaction zone and speculate that the
RRDE inherently has a larger reaction zone, thereby diminishing ECL
production via TTA for the rubrene system at the RRDE.

3. DPA and TMPD (Tetramethyl-p-Phenylenediamine). Although this
mixed composition T-route system was not treated theoretically using finite
difference methods to model its RRDE-ECL behavior, its ECL efficiency was
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unlike that predicted in curve b of Figure 18 for an unstable disk-generated



estimated from the slopes of its I(t) vs. idisk plots obtained at a variety of rotation
rates. These were found to be quite linear and yielded ECL efficiencies in the
vicinity of 0.05 � 10�3 at all rotation rates [18]. The fact that the efficiency of
the mixed DPA-TMPD system was found, like that of rubrene, to be 5% of the
efficiency of DPA alone can be attributed to the energy-deficient nature of the
mixed system. That the efficiency was found to be ω-independent may be due to
the stability of both ionic precursors to ECL. Bezman and Faulkner did not report
the efficiency of this system, presumably because their theoretical development
for transient behavior did not include systems of mixed composition.

VII. SIMULATION OF ECL BEHAVIOR USING COMMERCIAL
SOFTWARE

Since the development of these finite difference methods for the investigation of
electrochemical processes and their application to the study of ECL phenomena,
commercial software has been produced and marketed. Perhaps the most
prominent such product that is currently available is DigiSim™, a simulation
software package used to model cyclic voltammetry [30]. One of the developers
of this software is S. W. Feldberg, whose early work in the simulation of ECL
phenomena was reported earlier in this chapter.

Feldberg recently reported the use of DigiSim in the simulation of ECL
phenomena (SW Feldberg, personal communication). Seeking to investigate the
plethora of electrochemical systems that have been found to produce ECL over
the past 30 years, but thwarted by the complexities of modeling systems of
interest, Feldberg demonstrated the use of a “trick” that allows DigiSim to be
employed for this purpose. By assigning a maximum theoretical diffusion
coefficient to the photon that is produced during the ECL process, Feldberg is
able to ensure that the (theoretical) photon reaches the electrode in a time that is
very short with respect to the duration of other events occurring within the
diffusion layer. Once the theoretical photon reaches the electrode, it can undergo
a hypothetical electrochemical process so that I(t) can be attributed to it as a
“current.” Other electrochemical processes taking place within the diffusion
layer serve as the rate-determining steps in the generation of the photonic
“current,” I(t). It is the mechanism of these kinetic processes that is to be
elucidated by the interpretation of the I(t) “current.” The feasibility of this
approach has been demonstrated through the generation of theoretical I(E) plots
for systems of interest (SW Feldberg, Personal communication). It is Feldberg’s
contention that with a few simple manipulations DigiSim can be used to simulate
cyclic voltammetric responses for systems that produce ECL. There are virtually
no restrictions on mechanistic complexity, and effects such as electrode
capacitance and uncompensated resistance are easily examined.
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4
Electron Transfer and Spin
Up-Conversion Processes

Andrzej Kapturkiewicz
Institute of Physical Chemistry, Polish Academy of Sciences, Warsaw, Poland

I. INTRODUCTION

Exploration and explanation of the relationships between molecular structure and
chemical properties and reactivity are the main activities of physical chemistry. This
is also true in the case of electrogenerated chemiluminescence (ECL) processes,
where interpretation and prediction of the spectral characteristics and the efficiency
of emitted light in a given ECL system seem to be the most important tasks from
the theoretical as well as practical points of view. Current understanding of the ECL
mechanisms allows for prediction of light emission during a given chemical
reaction in solution but quantitative description remains rather difficult because of
the many factors that affect or interfere in chemiluminescence processes.

The most important step leading to light emission can be formulated as the
intramolecular electron transfer between chemiluminescence precursors, strong
reductant A� and strong oxidant D� obtained by means of common chemical (e.g.,
Weller and Zachariasse [1,2]) or electrochemical (e.g., Bard and coworkers [3,4])
ways. Both methods for the preparation of the reactants can be used, but the
electrochemical one (an ECL experiment) seems to be more useful in the cases of
relatively unstable intermediates and when very selective oxidation and reduction
are necessary. Subsequent annihilation of the �� and D� species (by means of
homogeneous electron transfer) can lead to light emission arising from the energy
released in an elementary step. The �� � D� pattern corresponds to so-called mixed
ECL systems with �� and D� reactants obtained from noncharged, usually organic,
A and D precursors. In some cases (so-called single ECL systems) both A� and D�
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species are generated from the same precursor Q. In such cases  A/A� and D/D�

pairs should be respectively replaced (in all reaction schemes discussed below) by
Q/Q� and Q/Q�. The same is true for charged, ionic ECL precursors where one-
electron reduction of A�m or one-electron oxidation of D�n leads to A�m�1 or
D�n�1, respectively.

Electron transfer processes occur over a very short time scale, thus requiring
rapid dissipation of a large amount of energy into the vibrational modes of the
molecular frameworks. This is rather difficult for the reacting system, leading to
kinetic inhibition of direct formation of the stable ground state products A and D.
The formation of the excited states (A* or D*) is less exergonic and correspondingly
less thermodynamically favored, but the process may be kinetically preferred
because a relatively small amount of energy needs to be vibrationally dissipated.
Consequently the ECL phenomenon can be understood in terms of competition of
(at least) two electron transfer reactions.

The above approach, first proposed by Marcus [5], allows for a qualitative as
well as quantitative discussion if the appropriate electron transfer rates are available
from other experimental data or from theoretical considerations. It should be noted,
however, that the simple Marcus formalism is somewhat oversimplified from the
mechanistic point of view. In real cases an electron transfer excitation is preceded
and followed by diffusion of reactants from and products into the bulk solution.
Moreover, ECL reactants and products are species with distinctly different spin
multiplicities, which may lead to additional kinetic complications because of spin
conservation rules. Correspondingly, the spin up-conversion processes (e.g.,
triplet–triplet annihilation to produce an excited singlet) cannot be a priori excluded
from the kinetic considerations. Consequently a kinetic description of an ECL
system (similarly to other bimolecular reactions, e.g., electron transfer quenching
reactions in solution) may be a very complex task, especially if the distance
dependence of all processes occurring is taken into account. Solution of the problem
is in principle possible within the framework of the integral encounter theory
(reviewed recently by Burshtein [6]), but even in the simplest ECL cases the
equations obtained are quite complex [7,8] and until now, to our best knowledge,
have not been applied to the quantitative description of ECL results. It should be
emphasized that, despite mathematical complexity, the integral encounter theory
has some weaknesses. Description of the reaction medium as a continuous space
seems to be somewhat factitious, especially at short distances between reacting
species where the discrete structure of real liquids may play a very important role.
One can expect that some of the reaction distances are preferred, as was
experimentally confirmed by Gould et al. [9,10] for electron transfer quenching
processes where reactants appear to be in the form of a contact ion pair (cip) or
solvent-separated ion pair (ssip) with dynamical equilibrium between them.

Annihilation and generation of the excited states in the electron transfer
reactions should be (as pointed out by Meyer and coworkers [11]) essentially the
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reverse processes that preclude the possibility of the same method in their kinetic
description. Thus, a less advanced, primitive, but more intuitive
phenomenological “contact approximation” can be used in the qualitative as well
as in the quantitative description of the ECL processes. This approach assumes
the occurrence of the electron transfer and spin up-conversion reactions within an
activated complex (A�···D�) (presumably cip) formed from the ECL precursors
A� and D� in the diffusion-controlled process (cf. Fig. 1). The model may be
more advanced, taking into account equilibrium between cip and ssip
configurations, i.e., the presence of two forms of an activated complex (A�···D�)
and (A�···solv···D�), respectively. The cip configuration (A�···D�) seems to be
preferred in the case of organic ECL systems because of the Coulombic attraction
between oppositely charged A� and D� ions. In the ECL systems involving
uniformly charged reactants (e.g., A�m�1 and D�n�1 species generated from
transition metal complexes A�m and D�n, respectively), Coulombic repulsion
may lead to an increase in the electron transfer distance with a preference for the
ssip configuration (A�m�1···solv···D�n�1) of the activated complex. In the cases
of cip–ssip equilibrium, the kinetic description is obviously more complex than
in the cip or ssip configurations alone. The approach applied by Birks [12] for

Figure 1 Schematic representation of two forms of activated complexes in an electron
transfer reaction: a contact ion pair (cip) and a solvent-separated ion pair (ssip).
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photochemical processes can be adopted in such cases, but the number of kinetic
parameters going into the final equations usually does not permit a quantitative
analysis without additional assumptions [13]. In a first order approximation,
however, the presence of one dominant conformation of activated complex in the
explanation and interpretation of the ECL mechanism can be assumed. This leads
to the simplest possible (from the kinetic point of view) model, which, however,
should be treated as the basis for understanding the role of any kinetic parameters
involved in the description of ECL mechanisms.

II. ROUTES OF LIGHT EMISSION IN
ELECTROCHEMILUMINESCENCE—KINETIC
DESCRIPTION

A. Energetics of Ion Annihilation

The Gibbs energy of A� and D� ion annihilation ∆G° can be straightforwardly
calculated from the redox potentials of reduction Ered and oxidation Eox of the
parent species A and D. The magnitude of F(Ered � Eox) corresponds to the
difference in energies of the isolated ECL reactants and products (bulk value).
This value should be corrected for work terms because in the electron transfer
reaction the reactants are required to bring on an activated complex

∆GO � F(Eox � Eox) � wR � wP (1)

where F is the Faraday constant. The energy wR corresponds to the interaction
between reactants and is the energy required to bring the reactants together to the
most probable separation distance d at which the electron transfer takes place.
Analogously, wP is the energy required to bring the products into the activated
complex. Quantities wR and wP correspond mainly to the electrostatic
interactions and may be calculated using the ordinary Coulomb equation

(2)

where zA and zD are the charges of the reactant (w � wR for �m�1 and �n�1)
or product (w � wP for �m and �n) species. NA, e0, ε, and ε0 are the Avogadro
constant, the elementary charge, the dielectric constant of the given solvent, and
the permittivity of vacuum, respectively. The familiar Debye expression,
however, seems to be more appropriate in solutions containing supporting

(3)
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with parameter β (inverse radius of the ionic atmosphere) given correspondingly
by

β � (2NA
2 zA zB eo

2/1000εεo RT)1/2 (4)

where R and T are the gas constant and absolute temperature.
Without a doubt the energy of ion annihilation is one of the most important

parameters governing the mechanism of an ECL reaction, because the molecular
energy levels are quantized and reactions yielding electronic excitation must
deliver, in one step, the appropriate amount of energy. Efficient formation of an
electronically excited ECL product (with energy Ei) requires �∆Go to be
comparable with Ei. One can expect that the number of accessible excited states
and the number of reaction channels to be considered in an ECL reaction depend
strongly on the amount of released energy (cf. Fig. 2). Usually for moderately
exergonic processes only the excited triplets 3A* and/or 3D* are effectively
produced (T route). However, for strongly exergonic processes, the excited
singlet states 1A* or/and 1D* may also be formed (S route). Obviously, if the
electron transfer reaction is energetically sufficient to populate the excited
singlet directly, the formation of the lower energetically lying excited triplets
must also take place (mixed ST route). If the exothermicity of the given ion
annihilation is still smaller than the energy of the excited triplet states (∆G° � Ei

� 0), the reaction is generally not of interest, although it has been shown (cf.

formally to the direct radiative electron transfer from A� to D� (E route). It can
be described in terms of the competition between radiative and radiationless
transition in the Marcus inverted region.

Light emission in an ECL process can be observed directly via radiative
deactivation of the excited species or by any up-conversion of the nonemissive

Figure 2 Schematic representation of the energy terms in ECL processes.
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species, depending on the nature of the populated excited states. The first is the
more important case, because the experimental values of the ECL efficiencies
φecl (expressed in number of photons emitted per electron transferred) are
directly connected with the efficiencies of the excited state formation φes:

φecl � φes � φo (5)

where φo is the emission quantum yield, an intrinsic property of the emitting
state. Emission of photons may be observed from the excited singlets (usual case

of inorganic emitters with phosphorescence allowed by the spin–orbit coupling

triplets can also be active emitters, e.g., benzophenone triplet, which has a high
triplet phosphorescence quantum yield due to the spin–orbit coupling by its
carbonyl group [15]. These cases are of considerable interest from a practical
standpoint and also because they can provide direct insight into mechanistic
features of highly exergonic electron transfer reactions, providing information
on the relative rates for bimolecular electron transfer in the normal and inverted
Marcus regions (see below).

Emission of photons can be also observed in an ECL system where
nonemissive 3A* or 3D* takes part in any up-conversion reactions. Typical
examples involve bimolecular triplet–triplet annihilation (see Chapter 6),
excitation energy transfer to an emissive but nonelectroactive species presented
in the solutions studied (e.g., europium chelate [16]), or delayed fluorescence
(e.g., from the organic intramolecular charge transfer triplets [17]). All
subsequent processes lead obviously to additional complications of the ECL
reaction mechanism with a much more difficult kinetic description.

B. E Route—Direct Radiative Electron Transfer

In the simplest case A� and D� ion annihilation occurs according to the scheme
as and kdis are the diffusion-controlled forward and

reverse rate constants respectively, for the formation of an activated complex
(A�···D�) prior to electron transfer. The activated complex is formed in two
different spin states, singlet 1(A�···D�) and triplet 3(A�···D�), with (according
to the spin statistics rule [18,19]) the branching ratio 3:1. Spin-allowed electron
transfer within the activated complex in the singlet state 1(A�···D�) occurs at the
rate kfg and leads directly to generation of the ground-state product 1(A···D)
followed by separation of A and D species into bulk solutions. Back electron
transfer from 1(A···D) to 1(A�···D�) can be neglected because a large energy gap
(�∆G° in the range of 2–4 eV is necessary for the emissive electron transfer in
ECL systems. The scheme presented in Figure 3 also neglects very slow, spin-
forbidden deactivation of the activated complex in the triplet state 3(A�···D�),

Copyright © 2004 by Marcel Dekker, Inc.
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induced by the heavy metal ions, cf. Chapter 7). Sometimes, however, organic

presented in Figure 3, where k
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because of their long expected lifetimes [20,21]. Triplet–singlet up-conversion,
a necessary step before electron transfer, can occur directly between both forms
of the activated complex (A�···D�) (at the rate kTS) or by dissociation of
3(A�···D�) into the bulk solution (at the rate kdis). Both processes occur on the
nanosecond time scale and are many orders of magnitude faster than the direct
3(A�···D�) → 1(A···D) transition. Thus the spin up-conversion process seems to
be a necessary step that makes back electron transfer from 3(A�···D�) to the
ground state product 1(A···D) possible. Taking into account presumably very
small energy splitting between two spin forms of the activated complex
[3(A�···D�) and 1(A�···D�), respectively] one can also conclude that 3kTS ≅ kST.

The diffusion-controlled forward kas and reverse kdis rate constants can be
straightforwardly estimated from the familiar Einstein–Smoluchowski equations
[22],

(6)

(7)

where η is the solvent viscosity. Equation (7) can be correspondingly applied for
estimation of the ksep rates with the wR term being replaced by wP. Combination
of Eqs. (6) and (7) simply leads to expressions for the equilibrium constant

Figure 3 Reaction mechanism of electrochemiluminescence processes occurring
according to the E route.
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(Kas � kas/kdis) for the formation of the activated complex (the Eigen–Fuoss
model [23,24]):

(8)

Although the above formalism is widely used in the discussion of
diffusion-controlled reactions, the assumptions of the model upon which it is
based are subject to criticism, and another formulation of Kas, the “encounter pre-
equilibrium” model [25], has been proposed:

Kas � 4π NAd2 δr exp [�wR/RT] (9)

Equation (9) allows for electron transfer over a range of separation distances
between d and (d � δr), with δr typically equal to 0.06–0.10 nm. It should be
noted, however, that for many systems the typical separation distance d between
A� and D� reactants is 0.4–0.6 nm and values of Kas as calculated from Eqs. (8)
and (9) do not differ appreciably (because δr ≅ d/3). Einstein–Smoluchowski
formalism seems to be applicable in most cases (at least to the first order of
approximation) because quantitative predictions of the rate constants for other
processes involved in an overall ECL mechanism are subject of still greater
uncertainties.

As mentioned above, the triplet form of activated complex 3(A�···D�)
undergoes reaction to the ground-state products after relatively fast equilibration
to the singlet states, and the kfg rate governs electron transfer from 1(A�···D�) to
1(A···D). This process can in principle occur on two parallel radiative (at rate kem)
and nonradiative (at rate knr) ways (kfg � kem � knr). Consequently the observed
ECL efficiency φecl is simply given by

(10)

Equation (10) is valid only when all other electron transfer channels (e.g.,
population of the excited states A* and/or D*) are excluded. If this is not the case

(11)

where φes(Ei) is the ith excited state efficiency with the summation performed
over the whole range i of all accessible reaction channels. Note that use of Eqs.
(10) and (11) requires that a given emission be really an electron transfer (or
charge transfer). It can be confirmed by a correlation of emission maxima
vem with the difference in the redox potential (e.g., Ref. 26),

(12)
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(cf. Figs. 4 and 6), the E-route efficiency is correspondingly lowered:
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where ∆EFC is the energy of the Franck–Condon state (see below) reached after
the emission process. Usually this can be done by ECL studies for a homologous
series (required to keep the ∆EFC term nearly constant) of acceptor A molecules
with the same donor D (or vice versa). The solvent polarity and temperature
effects on the charge transfer emission energy and intensity (e.g., Ref. 27) can be
used as well.

C. T Route—Formation of Excited Triplets

An increase in the ion annihilation exothermicity to values comparable with the
excited triplet-state energies opens an additional electron transfer channel. In the
simplest case only one excited triplet 3A* or 3D* becomes accessible, as
presented in Figure 4. The mechanism discussed includes additional forward
electron transfer within the triplet form of the activated complex 3(A�···D�) and
a competitive step where redox product 3(A*···D) separates into the bulk solution
(at rate ksep). The 3(A*···D) product appears (at the forward electron transfer rate
kft) also in the triplet state (because of the spin conservation rule). Only electron
transfer within the activated complex in the triplet state 3(A�···D�) leads directly
to generation of the excited 3A*. Triplet–singlet up-conversion is a necessary
step before the electron transfer from 3(A�···D�) to the ground state product
occurs. The activated complex in the singlet state 1(A�···D�) exhibits exactly the
opposite behavior. Electron transfer leads directly to the ground-state products

Figure 4 Reaction mechanism of electrochemiluminescence processes occurring
according to the T route.
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with excited 3A* formation preceded by the singlet–triplet up-conversion. If the
separation of 3(A*···D) into 3A* and D is sufficiently slow, back electron transfer
(at rate kbt) can also take place and cannot be a priori excluded from kinetic

3A*, but generation of 3D* can be discussed by the same approach (also
applicable if more than one electron transfer channel leading to triplet excitation
is introduced in the overall reaction mechanism).

The kinetic scheme discussed can be solved simply by using a steady-state
approximation applied for the concentrations of the 1(A�···D�), 3(A�···D�), and
3(A*···D) species. Then the excited triplet efficiency φes(T1) is given by

(13)

where [3(A*···D)], [1(A�···D�)], and [3(A�···D�)] denote stationary

concentrations of the corresponding species. The right-hand side of Eq. (13)

arises from the relationship [3(A*···D)] � ksepkft/(ksep � kbt) [3(A�···D�)] as

obtained simply from the steady-state approximation applied to 3(A*···D) alone

by solving the equation

(14)

In a similar way, the stationary value of the [3(A�···D�)] / [ 1(A�···D�)]
ratio can be found by solving the following set of equations:

(15)

(16)

Taking into account that 3kTS ≅ kST and that [3(A*···D)] � ksep kft/(ksep �
kbt)[3(A�···D�)], the stationary value of the [3(A�···D�)] / [1(A�···D�)] ratio is
given by

(17)
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considerations. The reaction scheme presented in Figure 4 assumes population of
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leading correspondingly to the final equation for the excited triplet state
efficiency:

(18)

As expected, the final relationship is quite complex and rather difficult to
use in interpretation of the experimental values of φes(T1) without additional
information (e.g., from the expected relationship between electron transfer
generation and annihilation of the excited 3A*) about possible values of the
elementary rates involved in the overall reaction scheme. Electron transfer
quenching of the excited 3A* should be essentially the reverse process to that
proposed for the ECL reactions and can be quantitatively discussed according to
the reaction mechanism scheme presented in Figure 5, where kdif and ksep are the
diffusion controlled forward and reverse rate constants for the formation of an
activated complex between the excited 3A* and the quencher D. The activated
complex is formed from the excited triplet state so that (because of the spin
conservation rule) the electron transfer product also appears (at the forward
electron transfer rate kbt) in the triplet state. As usual, the redox products A� and
D� can be separated in solutions, at the rate kdis and efficiency φdis, if the
recombination to the singlet-ground-state product is sufficiently slow. The latter
is allowed from the singlet precursor 1(A�···D�) but forbidden from the triplet
one 3(A�···D�). Therefore, the triplet–singlet conversion, occurring at rate kTS,
is the necessary step that makes back electron transfer to the ground-state

Figure 5 Reaction mechanism of electron transfer quenching of the excited 3A* state.
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product (at rate kfg) possible. The scheme also includes the reverse electron
transfer corresponding to the back electron transfer to the excited state (at rate
kft) and the singlet–triplet conversion (at rate kST). The kinetic scheme as
discussed above can be also solved in the steady-state approximation [28] by
relating of the observed bimolecular quenching rate constant kq to the rate
constants of all the reaction steps. For a given quencher D, all the rate constants
in the ET quenching scheme can be determined by means of fluorescence quenching
and transient absorption data [29]. Taking into account the intuitive relationship
between two classes of electron transfer processes, one can expect that the same set
of kinetic parameters can be applied to a quantitative description of the ECL
efficiencies. The above approach was recently applied for ECL systems involving
ruthenium(II) complexes and organic coreactants [30–32].

In many cases, however, the above approach cannot be applied because of the
lack of necessary quenching data, and some additional (somewhat arbitrary)
assumptions are necessary for the use of Eq. (18). The simplest one takes into
account two limiting cases of the spin up-conversion between the triplet and singlet
forms of the activated complex (with kTS → ∞ and kTS → 0, respectively). If the spin
up-conversion processes are very slow (i.e., kTS → 0), Eq. (18) can be simplified to

(19)

or [for φes(T1) 		 1] to

(20)

In this particular case diffusional limitations may play an important role in
both intrinsic electron transfer channels, i.e., in excited- and ground-state
formation, as applied in the interpretation of the ECL systems involving

ST → ∞), however, only
the formation of the excited triplet state becomes a diffusion-limited step:

(21)

If electron transfer processes are slow compared to diffusion, Eqs. (19) and
(21) can be further simplified to the expression

(22)

corresponding to the classic Marcus case, where only electron transfer rates
determine the efficiency of excited state formation.
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molybdenum halide clusters and organic coreactants [33] (see also Refs. 34 and
35). In the case of very fast spin up-conversion (i.e., k
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D. S Route—Formation of Excited Singlets

Further increase of the ion annihilation exothermicity to values comparable with
the excited singlet-state energies opens an additional electron transfer channel,
e.g., formation of 1A* as presented in Figure 6. The scheme includes additional
forward electron transfer (at rate kfs) within the singlet form of the activated
complex 1(A�···D�) followed by separation of the redox product 1(A*···D) in the
bulk solution (at rate ksep). Back electron transfer (at rate kbs) can take also place
if the separation of 1(A*···D) into 1A* and D is sufficiently slow. Because of the
spin conservation rule, only electron transfer within the activated complex in the
singlet state 1(A�···D�) leads directly to the generation of excited 1A*. Opening
of the excited singlet channel leads to additional complications in the kinetic
description, but as with the T-route case the problem can be solved using steady-
state approximations. This can be done assuming a stationary condition for
1(A*···D):

(23)

and correspondingly for the 1(A�···D�) species:

(24)
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Figure 6 Reaction mechanism of electrochemiluminescence processes occurring
according to the S route.
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In a similar way, as was done for the T route, the total efficiency of excited and
ground products in the singlet state [sum of φes(S1) and φgs(S0), respectively] can
be expressed as

(25)

with the branching ratio between φes (S1) and φgs (S0) given by

(26)

The expression obtained is still more complicated than that derived for the T-
route case; additional simplifications seem to be necessary before applying Eq.
(25) in a kinetic discussion of the S route. Of course, introduction of additional
electron transfer processes, (e.g., formation of the excited T2, T3, … and/or S2,
S3, … products) is possible, but the expressions obtained will be still more
complex. One can expect that, similarly by to the T-route case, data from
electron transfer quenching of the excited 1A* (reaction scheme presented in

has not been applied in ECL studies.
Less complicated formulation for the φes(S1) efficiency can be obtained for

kST → ∞ and kTS → 0. If the spin up-conversion between two forms of the
activated complex is infinitely fast, the second term in Eq. (25) can be neglected,
giving

(27)

Taking into account relationship (26), one can also obtain

(28)

Similar to the T-route case, the effective rates of formation of both excited states
(1A* and 3A*) may correspond to the diffusion-limited case. Correspondingly,
for kTS → 0 all three accessible channels are diffusion-limited processes if the
intrinsic electron transfer steps are fast enough:

(29)
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Figure 7) may be very useful. To our best knowledge, however, such an approach



If the electron transfer processes are slow compared to diffusion, both Eqs.
(28) and (29) can be further simplified to

(30)

Equation (30) was applied in the quantitative discussion of the φes(S1)
efficiencies in ECL systems involving rubrene [36] or intramolecular
donor–acceptor organic compounds [37]. In both cases this was done, after
appropriate modification, by taking into account more than one accessible
reaction channel leading to triplet excitation.

III. ELECTRON TRANSFER PROCESSES

A. Main Concepts—Normal and Inverted Marcus Regions

In view of the above considerations, it becomes clear that a quantitative
description of the electron transfer processes is essential for understanding ECL
reactions. The role of different factors determining electron transfer rates has
been the subject of very extensive theoretical and experimental studies. Electron
transfer reactions in solution have been summarized and reviewed by many
authors in works concerning different aspects of the theory as well as
experimental results (e.g., Refs. 38–49). Thus, in this chapter the relevant ideas
and equations are only briefly summarized, to serve as a basis for understanding
the ECL results.
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Figure 7 Reaction mechanism of electron transfer quenching of the excited 1A* state.
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The crux of the electron transfer problem is the fact that the equilibrium
nuclear configuration of the reacting species changes (in the intramolecular bond
lengths and angles as well as in the vibrations and rotations of the surrounding
solvent dipoles) when the reaction partners gain or lose an electron. The
equilibrium configurations of the reduced and oxidized forms of a redox couple,
like the ground and excited states of a molecule, are generally different. As a
consequence, the rates of thermally activated electron transfer reactions,
radiative transitions, and nonradiative deactivation processes can be discussed
with a common formalism in which the rate is a product of an electronic factor
and a nuclear factor. The former is a function of the electronic interaction in the
reacting system, whereas the latter depends on the nuclear configuration changes
between the reactants and products. The role of both factors in determining the
rate of electron transfer can be described quantitatively. The formalism
describing these processes provides a unified description of homogeneous (intra-
and intermolecular) and heterogeneous electron transfer reactions, with both
radiative and radiationless natures.

The theoretical description of the kinetics of electron transfer reactions
starts from the pioneering work of Marcus in which a convenient expression for
the free energy of activation 
G� was defined. However, the preexponential
factor in the expression for the reaction rate constant was left undetermined in
the framework of that classical macroscopic theory. More sophisticated,
semiclassical or quantum-mechanical, approaches (e.g., Refs. 50–54), avoid this
inadequacy. Typically, they are based on the Franck–Condon principle, i.e.,
assuming separation of the electronic and nuclear motions. The Franck–Condon
principle states that the interatomic distances and nuclear moments are identical
in the final and initial states at the time of electron transfer. Electron transfer
between two states is a relatively instantaneous event compared to the slower
nuclear motions that must take place to accommodate the new electronic
configuration. Before the transfer of an electron, the nuclear geometry of the
initial state, including the surrounding solvent molecules, must be converted into
a high-energy “nonequilibrium” or distorted configuration. The transition state
consists of two high-energy species that have the same nuclear conformation but
different electronic configurations. Taking into account the assumptions
presented above, the probability per unit time (first-order rate constant ket) that
an initial state will pass to a final product may be given by time-dependent
perturbation theory as

(31)

where h is the Planck constant and Vif is the electronic matrix element describing
the electronic coupling between the initial and final states, defined as

Vif � 〈Ψi�H�Ψf〉 (32)
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where Ψi and Ψf are the electronic wave functions of the reacting system in the
initial and final states and H is the energy operator. The potential energies of the
system in its initial (Vi) and final (Vf) states are given correspondingly by

Vi � 〈Ψi�H�Ψi〉 and Vf � 〈Ψf�H�Ψf〉 (33)

The Franck–Condon factor (FCF) is a sum of the products of overlap
integrals of the vibrational and solvation wave functions of the reactants with
those of the products, suitably weighted by Boltzmann factors. The value of the
Franck–Condon factor can be expressed analytically by considering the effective
potential energy curves of both initial and final states as a function of their nuclear
configurations. Relatively simple relationships can be derived if the appropriate
curves are harmonic with identical force constants f. Under these conditions,

Vi � f(xi � x)2 and Vf � f(xf � x)2 � ∆Gif (34)

where x is the dimensionless nuclear (reaction) coordinate (with xi and xf values
corresponding to the thermodynamically equilibrated initial and final
configurations) and ∆Gif is the Gibbs energy change between the initial and final
states.

Using the above formalism, the potential energy curves can be constructed
in the zeroth-order approximation as presented in Figure 8. The electron transfer
can then be described in terms of the crossing of the system from one potential
energy curve to the other. For a given λ value, ∆G� depends on the electron
transfer exothermicity. For a moderately exergonic reaction (with λ � ∆Gif �
0), the ∆G� barrier increases with increasing reaction exothermicity and when λ
� ∆Gif � 0 the reaction rate is maximized and the process is barrierless with
∆G� � 0 (the free energy region or normal Marcus region). A further increase
in the reaction exothermicity again causes ∆G� values greater than zero (if λ �
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Figure 8 Electron transfer in the normal (left) and inverted (right) Marcus regions.
Barrierless case with ∆G� = 0 (middle) corresponds to λ + ∆Gif = 0. Plots of the potential
energies of the reactant and product as a function of the nuclear (reaction) coordinate in
the zeroth-order approximation.
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∆Gif 	 0), which leads to a lowering of the reaction rate (the abnormal free
energy region or Marcus inverted region). Such behavior is a simple
consequence of the parabolic shapes of the potential energy curves.

In the zeroth-order approximation (Vif
2 � 0), the electron is required to

remain localized on the individual (initial or final) system. No electron transfer
is possible as long as this condition is imposed; electronic coupling of the
reactants (i.e., Vif

2 � 0) is necessary for the system to pass from the initial state
to the final state. Electronic coupling removes the degeneracy at the intersection
of the Vi and Vf curves (see Fig. 9) and leads to the formation of two new states,
the adiabatic states of the system, obtained by solving the secular equation

(35)

The roots of this equation are

(36)

where E� and E� describe the lower and upper surface, respectively. The above
considerations are in principle valid if Vif 		 Vi and Vif 		 Vi. These requirements
are fulfilled in most intermolecular (outer-sphere) reactions where the coupling of
the initial and final states of the system is relatively weak. The shapes of the
potential energy curves E� and E� depend distinctly on the ∆Gif and λ values. For
moderately exergonic processes (λ � ∆Gif � 0) the system passes from the initial
to final state by remaining on the same curve E�. For strongly exergonic processes
(λ � ∆Gif 	 0), inherently nonadiabatic electron transfer involves a transition from
the E� to the E� curve. In the normal Marcus region (λ � ∆Gif � 0), nonadiabacity
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Figure 9 Electron transfer in the normal (left) and inverted (right) Marcus regions.
Barrierless case with ∆G� = 0 (middle) corresponds to λ + ∆Gif = 0. Plots of the potential
energies of the reactant and product as a function of the nuclear (reaction) coordinate in
the first-order approximation.
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of the electron transfer is manifested (if Vif is sufficiently small) by the reacting
system jumping between the lower E� and upper E� curves.

The formalism presented above is applied for processes that lead in principle
to one product only. If the electron transfer is exergonic enough (with a �∆Gif value
comparable with the excitation energies of the A or D species), additional reaction
channels become available. This leads to a somewhat more complicated picture
with more than two interacting states. The problem can be discussed in the
zeroth-order as well as first-order approximations, leading to construction of poten-

exergonic reaction the formation of the ground state lies far in the Marcus inverted
region, and this particular channel may be relatively slow compared with the less
exergonic formation of the excited states. Such behavior is responsible for
production of the excited states in an ECL process.

B. Electron Transfer Activation Energies and
Preexponential Factors

The λ and Vif parameters are crucial, because their values are directly responsible
for values of the activation energies and the preexponential factors of the
electron transfer processes. Simple mathematics leads to the familiar Marcus
expression for the activation energy ∆G� as a function of ∆Gif and λ terms:

(37)

where λ is equal to f(xf � xi)2. Note that Eq. (37) is exactly valid if the zeroth-
order approximation is used to construct the potential energy curves for the
electron transfer process. If the first-order approximation is applied, the splitting
(equal to 2Vif) that occurs at the intersection of the two potential energy curves
lowers the effective activation energy:

(38)

Usually the Vif term in Eq. (38) is assumed to be negligible compared to (λ �
∆Gif)2/4λ and Eq. (38) reduces to Eq. (37). Note that both expressions
correspond to the classical treatment of the molecular (solvent as well as solute)
motions that are responsible for readjustment of nuclear coordinates associated
with electron transfer.

Parameter λ (usually called the reorganization energy) describes the
energy required to bring a system from its initial equilibrium conformation to the

two contributions: the inner (λi), required for bond length and angle changes, and
the outer (λo), necessary for the solvent coordination shells reorganization. The
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tial energy curves as presented in Figure 10. One can expect that for a strongly

nonequilibrium one characteristic of the final state (cf. Fig. 8). λ is the sum of
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energy required to reorganize the solvent, λo, can be obtained by treating the
medium outside the reactant (or reactants) as a dielectric continuum with the
polarization made up of two parts, a relatively rapid electronic part and a slower
vibrational–orientational one. The latter has to adjust to a nonequilibrium value
appropriate to the final state, whereas the former does not. On the basis of the
Born solvation theory, λo is given by (if one electron is transferred)

(39)

where n is the refractive index of the reaction medium. rA and rD are the effective
radii of the redox centers involved in the electron transfer reaction, with the
center-to-center separation distance d. Usually radii rA and rD are calculated
from the molar volumes of A and D species and the electron transfer distance d
� rA � rD is assumed. Note that Eq. (39) is exactly valid only for spherical
molecules with uniform charge distribution. In cases in which the charge is
nonuniformly redistributed and/or for nonspherical molecules, λo may be
estimated on the basis of appropriate, more sophisticated extensions of the
simple Born model [55–57].

The energy λi required to reorganize the intramolecular bonds can be
calculated by using a harmonic oscillator approximation (if no bonds are broken
and no new bonds are formed in the electron transfer reaction). The potential
energy needed to change the atomic distances from their equilibrium values in
the initial state to those appropriate to the final state can be calculated by taking

Figure 10 Reaction coordinate diagrams for ECL processes occurring according to the
E route (left), T route (middle), and S route (right). Potential energy curves are presented
in the zeroth-order (dotted curves) and first-order (solid E� curves) approximations with
the degeneracy at the potential energy curve crossing points removed in the latter.
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into account the force constants in the reactant and product (fi and ff,
respectively) and the changes in equilibrium values of all affected bonds (∆qif):

(40)

The needed quantities can be obtained from the infrared spectroscopic (fi and ff)
and crystallographic (∆qif) parameters if appropriate data are known for both
redox forms involved in the electron transfer process [58]. An alternative method
for λi estimation is based on semiempirical quantum-chemical calculations [59].
The difference between the computed values of the heat of formation of the
donor D in its equilibrium nuclear geometry and in the conformation
corresponding to the equilibrium geometry of its oxidized form (D�) is added to
the respective value calculated for the acceptor A and its reduced form (A�)
[60].

The splitting (equal to 2Vif) that occurs at the intersection of the two
potential energy curves is essential for the electron transfer. Within the
Landau–Zener framework their value is responsible for the electron hopping
frequency νet describing the probability of the intrinsic electron transfer act:

(41)

Expression (41) has been derived by using classical treatment of the solvent and
solute, intramolecular motions. Their applicability is limited by the framework
of the perturbation theory of the interaction causing transition. In this theory the
dynamics of both intramolecular and solvent motions have no influence on the
rate constant of the reaction. The formation of some favorable geometry of the
reactant(s) that allows reaction is fast compared to the elementary electron
transfer step. In conjunction with this “frozen-reactant” approximation is the
assumption that the orientation of the reactant(s) can be regarded as fixed. This
is justified if the electron hopping frequency is relatively small and the
intramolecular and solvent shell changes occur on a much faster time scale. In
most cases this is fulfilled for bond length and angle adjustment (νi ≈ 1013–1014

s�1). The solvent motions, however, are distinctly slower (νo ≈ 1011–1012 s�1).
Therefore, for relatively small values of the electronic coupling element Vif ≈
0.01–0.02 eV, the number of reacting subsystems (at the intersection points of
the potential energy curves) may be smaller than expected from the equipartition
theorem, and the electron transfer reaction may be slower than expected from
Eq. (41). According to somewhat oversimplified interpretation, this corresponds
to the lowering of the velocity with which the reacting system is moving on its
potential energy curve.

For a quantitative description of solvent effects on the preexponential
factor, it is necessary to go beyond of the framework of perturbation theory. The
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stochastic approach to description of the solvent dynamical effect in the rate
constant was developed about 20 years ago [61–65]. On the basis of this
approach it was found that the rate of electron transfer is proportional to the
frequency of longitudinal reorientational relaxation (expressed by the
longitudinal relaxation time τL) of the solvent [66].

The theory developed starts with a description of the dielectric loss spectra,
frequency-dependent permittivity of the solvent ε(ω), in the framework of the
Debye model [67], in which the reorientation of the solvent dipoles gives the
main contribution to the relaxation of the solvent polarization:

(42)

where ω is the angular frequency. The longitudinal relaxation time τL � τDε∞/ε
is related to the Debye relaxation time τD and the dielectric permittivity of the
given solvent (in the near-infrared region ε∞ and at the static electric field ε).

Generally the possible influence of the solvent dynamics can be expressed
by the modified Eq. (41) [68]:

(43)

Equation (43) exhibits the transition from the solvent-controlled limit (for
sufficiently large values of Vif) when νet is reciprocally proportional to τL,

(44)

to the nonadiabatic limit (for small values of Vif) when ket is essentially
controlled by the frequency of electron hopping, Eq. (41).

The electronic coupling element Vif is also connected with the structure of
the activated complex (A�···D�), and its value should in principle be a function
of the distance between the A� and D� reactants and their mutual orientation.
Moreover, the Vif values depend on the nature of the molecular orbitals involved
in the particular electron transfer process. The role of these factors can be
quantitatively discussed using the quantum-mechanical approach based on the
Dogonadze model [39]:

(45)

where cA and cD are LCAO coefficients of the molecular orbitals involved in the
electron transfer process. βAD is the resonance integral for the given atomic pair.
Appropriate calculation of the Vif values are possible with a known (e.g., for the
intramolecular electron transfer processes [69,70]) or assumed structure of the

AD values depend strongly on the
distance and orientation of the A� and D� reactants. Thus, practical applications
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activated complex (cf. Ref. 58), because the β
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of Eq. (45) are strongly limited, especially if the electron transfers do not
correspond to simple LUMO/HOMO orbital transitions.

Simple combination of Eq. (37) with Eq. (41) or (44) leads to the final

expressions for the electron transfer rate ket. For relatively small (nonadiabatic

limit) or large (adiabatic limit) values of Vif one can obtain

(46)

and correspondingly,

(47)

Of course, for intermediate values of Vif, expression (43) instead of (41) or (44)
will describe the value of the preexponential factor.

C. Radiationless Electron Transfer Processes in the Marcus
Inverted Region

Electronic excitation is possible only for very exergonic electron transfer
reactions with the energy excess greater than the energy of the given excited
state. The vibrational intramolecular excitation is, however, already possible for
a moderately exergonic process. Consequently, the reaction rate in the Marcus
inverted region (with �∆Gif � λo) may be much faster than that expected from
the simplified theory neglecting vibrational excitation of the high-frequency
modes accompanying the electron transfer.

In the theoretical description of the resulting reaction rate, different
Franck–Condon factors (FCF)j should be applied for the all the accessible
channels. Usually this is done with the assumption that the electronic coupling
element Vif does not depend on the quantum number j of the excited vibrational
mode:

(48)

Each summand in Eq. (48) represents the rate for a single contribution to the total
rate from a 0 → j
Franck–Condon principle holds for each of the single contributions. Similarly, as
in the one-mode approximation, the corresponding Franck–Condon factors
(FCF)j are a sum of the products of overlap integrals of the vibrational
wavefunctions of the reactants with those of products, weighted by the
appropriate Boltzmann factors. It is assumed (for simplicity) that only one
(averaged over all of the changing bonds) high-frequency internal vibrational
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nonradiative vibronic transition (cf. Fig. 11). The



mode, of frequency νi, undergoes reorganization. (At normal temperatures, hνi

� RT and vibrational excitation of the reactants may be neglected.) Low-
frequency modes, mainly associated with the solvent shell (hνo 	 RT) are treated
classically. Under the above assumptions the resulting expression for the total
reaction rate in the nonadiabatic limit is [71,72]

(49)

where S (the so-called electron-vibration coupling constant) is equal to the inner
reorganization energy νi expressed in units of vibrational quanta hλi:

(50)

where νi denotes mean vibration frequency of the reactant and product bonds.
In low exergonic electron transfer processes the reaction product is mainly

formed in the vibrational ground state (j � 0) only. Thus, in the normal Marcus
region, only the first 0 → 0 nonradiative vibronic transition contributes to the
overall reaction rate:

(51)
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Figure 11 Schematic illustration of nonradiative electron transfer (horizontal arrows) in
the normal (left) and inverted (right) Marcus regions. Associated with each vibronic state
is a stack of sublevels representing low-frequency (mainly) solvent modes. In the initial
state only one vibrational mode, with j � 0, is occupied, whereas in the final state various
vibrational modes, with j � 0, 1, 2, … may be accessible. Diagonal arrows illustrate the
radiative electron transfer (charge transfer emission in the inverted Marcus region).
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However, when the process is more exergonic, vibrationally excited sublevels
with [j 	 (λo � ∆Gif)/hνi] may be accessible (if S � 0). This results in strongly
pronounced enhancement of the reaction rate (cf. Fig. 12). Sometimes the
enhancement may be so large that the Marcus inverted region cannot be
distinctly observed. On the other hand, unequivocal evidence of the Marcus
inverted region has been presented in many works [9,10,48,73–79]. The
quantum effects (in the Marcus inverted region) are expected to not only modify
the free energy relationship but also affect the temperature dependence of the
electron transfer rate [80,81], with an essential difference for small and large λi

values. In both cases the strong temperature dependence predicted by the
classical Marcus model becomes considerably weaker.

Depending on the values of S and Vif, some of the accessible reaction
channels may be affected by the solvent molecular dynamics. This problem has
been discussed by Jortner and Bixon [82] with the main conclusion that the
overall reaction rate can be expressed as

(52)

Equation (52) exhibits the transition from the solvent-controlled limit (for
sufficiently large values of the Vif

2e�sSj/j! term) when ket is reciprocally
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Figure 12 Plots of the electron transfer rate as a function of the reaction exothermicity
∆Gif. Case S � 0 corresponds to neglect of the vibrational excitation. If S � 0, vibrational
excitations are taken into account. ket values calculated for Vif � 0.01 eV, λo � 0.5 eV,
and hνi � 0.2 eV with λi � 0.1 (S � 0.5), 0.2 (S � 1), and 0.4 eV (S � 2), respectively.
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proportional to τL to the nonadiabatic limit (when Vif
2e�sSj/j! becomes

sufficiently small). The overall reaction rate constitutes a superposition of
solvent-controlled and nonadiabatic contributions. In the normal Marcus region
the influence of the solvent molecular dynamics leads to an absolute reduction of
the electron transfer rate (cf. Fig. 13). In contrast to that, in the Marcus inverted
region, relative enhancement of the electron transfer rates is more pronounced
than in the “pure” nonadiabatic limit.

Similarly, as in the case of the classical approach, Eq. (52) reduces (for
sufficiently large Vif values) to

(53)

when only the 0 → 0 contribution is taken into account (in the normal Marcus
region).

Calculation of the electron transfer rates for all accessible reaction
channels is essential for the quantitative description of an ECL process. This is a
rather difficult and usually somewhat speculative task because of the number of
parameters going into the theory. However, some, at least qualitative or
semiquantitative, conclusions, can be obtained from simple calculations
performed for typical values of the necessary parameters. Typical results are

L � 0.2 ps, Vif � 0.01 eV, λo �
0.5 eV, λi � 0.2 eV, and hνi � 0.2 eV (values typical for acetonitrile solutions)
has been applied for all accessible channels within a hypothetical ECL system
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Figure 13 Plots of the electron transfer rate as a function of the reaction exothermicity
with and without limitations caused by the solvent molecular dynamics. Cases S � 0
correspond to neglect of the vibrational excitation; if S � 1 the vibrational excitation is
taken into account. ket values calculated for Vif � 0.01 eV, λo � 0.5 eV, hνi � 0.2 eV, and
λi � 0.2 eV with τL � 0, 1, 5, and 25 ps, respectively.
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presented in Figure 14, where the same set of τ
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with a population of excited 3A* and 1A* states with energies ET � 2.0 and ES

� 2.75 eV. As expected, for �∆Gif 	 ET 	 ES, the population of the ground-
state products prevails and eventual light emission can occur only by the E route.
Efficient population of the 3A* state is possible only if �∆Gif � ET. A T-route
exergenicity larger than approximately �0.5 eV may be necessary for very high
φes(T1) efficiencies. This is probably the case of the well-known and widely
studied ECL system involving Ru(bipy)3

3�/Ru(bipy)3
� ion annihilation [83].

Similar behavior is expected for other ECL systems involving transition metal
complexes, but somewhat surprisingly this does not seem to be a general rule (cf.

1

negative ∆Gif (i.e., for �∆Gif ≈ ES). In such a case, however, production of the
3A* state remains the dominant reaction channel: φes(S1) 	 φes 1

3

1A* states [85], one can expect that the formation of excited triplets should
prevail in most organic ECL systems, especially because this process is also
favored by spin statistics. Population of the excited triplets will be considerably
inhibited with φes 1 if � ES is more negative than approximately
�0.5 eV. Simple considerations from a molecular orbital description of a one-

es(S1) efficiencies are expected for
ECL systems involving organic compounds with a small energy splitting

Figure 14 Plots of the electron transfer rate of the population of the ground state, the
excited triplet state [with energy E(T1) � 2.0 eV], and the excited singlet state [with
energy E(S1) � 2.75 eV] as a function of reaction exothermicity ∆Gif. ket values calculated
with Vif � 0.01 eV, λo � 0.5 eV, hνi � 0.2 eV, and λi � 0.2 eV according to Eq. (47)
(solid curves with S � 1) and Eq. (49) (dotted curves with S � 0), respectively.

Copyright © 2004 by Marcel Dekker, Inc.

Chapter 7). Population of the A* state (S route) becomes possible for still more

(T ) ≈ 1 (cf. Refs.
36,37,84). Taking into account typical values of the energy gap between A* and

electron reduction/oxidation indicate that this is a rather unrealistic case (cf. Ref.

(S ) → 1 if �∆G

13). On the other hand, large values of the φ
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between the excited triplet and singlet states [17]. Note that all of the above
conclusions arise from calculations performed according to Eq. (49) with the
vibronic excitation of the electron transfer products taken into account.
Application of a simplified model, e.g., Eq. (51), leads to results completely
incompatible with the ones experimentally obtained.

D. Radiative Electron Transfer Processes in the Marcus
Inverted Region

Electronic coupling of the initial and final states of the system also allows
radiative electron transfer between redox centers. Such a process, important for
the E route in ECL systems, can also be discussed in terms of Marcus theory.
There are two principal differences between thermal (nonradiative) and optical
(radiative) electron transfer processes [86–88]. The first is the amount of
dissipated energy. Both radiative and nonradiative electron transfer are
spontaneous transitions in which the entire electronic energy is dissipated into
intramolecular and solvent motions. The electronic energy dissipated in the
charge transfer emission at a given photon energy hcvem is �∆Gif � hcṽem

(where c is the light velocity), i.e., smaller than in the corresponding nonradiative
electron transfer. In charge transfer absorption, the energy of the absorbed
photon hcṽabs, however, is greater than �∆Gif; with the excess electronic
energy equal to �∆Gif � hcṽabs

is connected with the operator coupling initial and final states. In optical
transitions the dipole moment operator M instead of the energy operator
H is suitable:

µ � 〈Ψi�M�Ψf〉 (54)

where µ is the electronic transition moment. If the contribution of the excited
states can be neglected, the quantity µ (µabs and µem for absorption and emission,
respectively) is connected with the electronic matrix element Vif [89,90]:

(55)

where µCT corresponds to the change of the dipole moment value between the
initial and final states (µCT � eod). In a more detailed analysis, however,
contribution of the excited states (1A* and/or 1D*) should also be taken into
account [91,92].

Pursuing the analogy between CT optical spectroscopy and thermal
electron transfer processes, the rate I(ṽem) of the emission of a given photon with
energy hcṽem (in photons per molecule per unit time per unit spectral energy) is
given by the equation

µ =
ν

µ µ =
ν

µabs
if

s

CT em
if

em

CT        and        
V

hc

V

hcab
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(cf. Fig. 15). The second important difference



(56)

In a similar way, the molar absorbance ε(˜̃vabs) of the charge transfer absorption
of a given photon with energy hcṽabs may be expressed as

(57)

where ε(ṽabs) is defined by log(I/Io) � ε(ṽabs)CL, where C is the molar
concentration of the solute, I and Io are the incident and transmitted light
intensity, and L is the optical path length.
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Figure 15 Radiative transition in the inverted Marcus region: charge transfer absorption
(arrow up) and charge transfer emission (arrow down).
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Equations (56) and (57) describe also the shape of the CT emission and
absorption bands, respectively (cf. Fig. 16). Thus, complementary to the kinetic
data for nonradiative electron transfer, analysis of the charge transfer emission
and/or absorption band shapes allows the determination of the λo, λi, hνi, and
∆Gif quantities, treating their values as free fit parameters. Correspondingly, Vif

quantities can be evaluated according to Eq. (55), using experimental values of
the electronic transition moments µabs and/or µem. Thus, the absolute rate
constants for nonradiative electron transfer can be predicted from information
obtained from analysis of the corresponding radiative processes, as was reported
for inter- (e.g., Ref. 93) and intramolecular (e.g., Ref. 94) systems.

The formalism presented above may be very useful in a quantitative
interpretation of ECL processes following the E route, where the φecl efficiencies
are determined by the ratio of kem and knr constants, according to Eq. (10).
Integration of Eq. (56) over the entire range of ṽem leads to the familiar
expression for the radiative rate constant kem [95],

(58)

with the emission maximum hcṽem
max equal approximately to �∆Gif � λo � λi.
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Figure 16 Reduced intensities ε(ṽabs)/ṽabs and Iṽem)/ ṽ3
em of the charge transfer

absorption and emission spectra. Profiles calculated according to Eqs. (55) and (54),
respectively, with ∆Gif � 2.75 eV, hνi � 0.2 eV, λi � 0.2 eV, and λo � 0.2 eV (dotted
curves) or λo � 0.5 eV (solid curves).

k
n

hcem
em

o

em=
π µ
πε

ν
64 4 3 2

3

3

12
max( )~

Copyright © 2004 by Marcel Dekker, Inc.



Taking into account Eq. (55), i.e., the relationship between µem and Vif, one can
straightforwardly obtain

(59)

With a set of the ∆Gif, λo, λi parameters one can simply calculate the kem/knr ratio
(the value of Vif cancels) and correspondingly the expected φecl efficiencies.
Results of such calculations, performed for a hypothetical ECL system, are
presented in Figure 17 with the data obtained for λo � 0.5 eV and hνi � 0.2 eV
with λi � 0.2 (S � 1) or λi � 0.4 eV (S � 2). As expected, the φecl efficiency
increases with the ion annihilation exergonicity, approaching values close to
unity at sufficiently negative ∆Gif values. The case of φecl ~ 1, however, seems
to be hardly reliable, because the ∆Gif values required for that are quite negative,
negative enough for the efficient population of the 3A* and/or 3D* states.
Opening of the T route forces an increase in the knr rate with a decrease in the
φecl efficiency, cf. Eq. (11). A strong dependence of the φecl efficiency on λi as
well as on λo (mostly through the knr rate) can also be predicted. In a similar way,
the experimental data obtained from the ECL emission (using the band shape
analysis) may reproduce the measured φecl efficiencies of the “pure” E route. To
our best knowledge, however, such an approach in the description of ECL
phenomena has not been applied.
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Figure 17 Plots of the calculated φecl efficiencies (E route) as a function of the reaction
exothermicity ∆Gif for a hypothetical ECL system with λo � 0.5 eV, hνi � 0.2 eV, eod �
25 D, and λi � 0.2 eV (S � 1) or 0.4 eV (S � 2). φecl � kem/(knr � kem) with the kem and
knr values as calculated according to Eqs. (57) and (47), respectively.
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IV. SPIN UP-CONVERSION PROCESSES

A. Outline of Spin Chemistry

Processes occurring in the electron transfer generation of ECL emission, like all
chemical reactions, are spin-selective and are allowed (because of the
fundamental principle of spin conservation) only for those spin states of reactants
whose total spin is identical to that of the products. The unique character of the spin
chemistry arises from magnetic interactions with their almost negligible
contributions to the energetics of the reacting system. The magnetic interactions,
however, are the only ones that are able to change the electron spin of reactants and
switch the nature of the reaction from a spin-forbidden to a spin-allowed process.
Moreover, one can expect that any perturbation of electromagnetic nature, such as
an external magnetic field, microwave radiation, or the presence of paramagnetic
species, can influence the kinetics of the spin up-conversion processes.

Two types of spin up-conversion processes, namely intra- and intermolecular
processes, are in principle involved in an ECL reaction. The former corresponds to
intersystem crossing between the singlet and triplet manifolds within the excited
1A* or 3A* (or 1D* or 3D*) formed in the elementary electron transfer step.
Intersystem crossing processes, responsible for the photophysical behavior of the
generated excited states, are the same for states generated by photo- or chemical
reactions. It should be noted, however, that the intersystem crossing rates may be
important in the description of the ECL processes with light emission via delayed
fluorescence (the T route). On the other hand, the intersystem crossing processes
are partly responsible for the excited state lifetime, and therefore they may play an
indirect role in the spin up-conversion occurring after electron transfer excitation.
This is because any bimolecular reactions involving excited states are noticeably
efficient only if the excited state lifetime is distinctly longer than any competitive
process. Taking into account a typical concentration of a reacting species (~ 10�3

M in an ECL experiment) and the maximal possible values of the bimolecular
reaction rates (with the diffusional limit of ~ 109–1010 M�1s�1), one can conclude
that only species with lifetimes longer that microseconds can be considered. Thus,
one can expect that excited singlets ( 1A* or 1D*) with lifetimes in the range of
nanoseconds cannot take part in any bimolecular process. However, the excited
triplet states (3A* or 3D*) with a lifetime in the range of seconds (for organic
compounds) can effectively take part in any bimolecular spin up-conversion
processes. The simultaneous presence of excited triplets and a high concentration
of radical ions (doublets) is the typical situation in organic ECL systems following
a T or mixed ST route. Thus, if the electron transfer excitation produces 3A* or 3D*
states, the obtained triplets can subsequently participate in triplet–triplet
annihilation and/or in triplet quenching processes [96]. Both of the above-
mentioned processes, however, seem to play a much less important role in ECL
systems in which generation of the short-lived triplet species (e.g., the excited
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states of transition metal complexes with a lifetime in the microsecond range) take
place.

Unlike to processes following electrochemical excitation, the spin up-
conversion preceding the electron transfer step (as included in the ECL reaction

be considered for all ECL systems. It should be noted, however, that any
mechanisms causing a 1(A�···D�) ↔ 3(A�···D�) conversion may have a
significant effect only if exchange of the radical pair multiplicity occurs within
the lifetime τac, of the activated complex (with typical values close to 1/kdis and
a range between 10�9 and 10�10 s [97]). Thus, if spin multiplicity is much slower
or much faster than 109–1010 s�1, a spin-less approach may be appropriate for a

Generally spin processes seem to be most important for organic ECL
systems following the T route and more or less negligible in other cases. On the
other hand, knowledge of the nature of the spin up-conversion and, at least, its
qualitative description may be crucial for a better understanding of what really
occurs during electron transfer excitation. Rates of the spin up-conversion
processes, similar to electron transfer reactions, can be discussed using the Fermi
golden rule, taking into account a magnetic contribution in the energy operator
responsible for interaction of the total spin electronic eigenstates in the reactant
pair [98–103].

B. Spin Up-Conversion Before the Electron Transfer Step

responsible for 1 : 3 ratio of two forms [the singlet 1(A�···D�) and the triplet
3(A�···D�)] of the activated complex [97,102]. Thus, spin up-conversion
occurring between 1(A�···D�) and 3(A�···D�) is a general phenomenon that
occurs before the intrinsic electron transfer step. Kinetic considerations (cf.
Sections II.C and II.D) suggest, however, that the observed φes efficiencies of
excited state formation are not affected by the spin up-conversion rate kTS in
either of the limiting, spin-less cases with kTS → 0 or kTS → ∞. Any effect will
be observable only if the kTS rate is comparable with that characteristic for the
activated complex dissociation kdis. It is a necessary, but not sufficient,
requirement; at least one of the electron transfer steps (responsible for generation
of the ground or excited state, respectively) must be distinctly faster than the spin
up-conversion process. The effect should be more pronounced for ground-state
formation (occurring at the rate kfg) because the electron transfer processes
resulting in excited state formation (occurring at rates kft or kfs, correspondingly)
become a diffusion limited step if the kft or kfs rates are sufficiently large.
Assuming that kfg �� kTS and that 4kTS �� kdis, one can (for T-route cases)
simplify Eq. (18) to

Copyright © 2004 by Marcel Dekker, Inc.

schemes presented in Figures 3, 4, and 6) occurring within the radical pair should

The presence of four radical pair states (cf. Fig. 18) in the doublet pair is

description of the observed ECL behavior (cf. Sections II.C and II.D).
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(60)

or to

(61)

if formation of the excited triplet state becomes sufficiently slow [31,32]. One can
also conclude that generation of the excited triplet becomes negligible if both
processes, ground-state formation and spin up-conversion (with rates kfg and kTS,
respectively), are extremely fast. The same is also true for ECL processes
following the S route, where a similar approach can be used to describe the φes(S1)
efficiencies. This may be simply done by taking into account the fraction of the
electron transfer events populating both the excited and ground-states singlets:

(62)

and the ratio of φes(S0) and φes(S1) efficiencies, i.e., Eq. (26),

(63)

Equation (63) may be subject to further simplification (as for the T route)
assuming the lack of or presence of diffusional limitations in the electron transfer
channels leading to excited state generation.

For the spin up-conversion between 1(A�···D�) and 3(A�···D�), a spin flip
of one spin vector of the unpaired electrons is required. A semiclassical
description of this motion [102,104] is based on the classical precession of the
electron spin about different axes. As mentioned previously, magnetic

φ
− φ

=
+

≈es

es TS TS

( )

( )

3

4

3

4
ft

ft

ft
T

T

k

k k

k

k
1

11

φ φ φgs es es
TS

TS

( ) ( ) ( )
4

4 ( )sep ft sep bt

S S T
k

k k k / k k0 1 11
3

+ = − ≈
+ +

φ =
+

+
+ +es

TS

TS sep ft sep bt

fs sep

fg sep ft sep bt

( )
/ ( )

/ ( )

/ ( )
sep bsS

k

K k k k k

k k k k

k k k k k1

4
4 3 +

























Figure 18 Vector representation of the T�, TB, T0, and S radical pair states.
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interaction between unpaired electrons in the A� and D� radicals is responsible
for the spin up-conversion process. Usually three types of magnetic interaction
are considered in the radical pair mechanism: (1) the interradical exchange
interaction J is responsible for coupling of the precessional motion of the two-
electron spin and for the difference in the energies of the singlet and triplet forms
of the activated complex (A�···D�) (cf. Fig. 19); (2) the hyperfine interactions
of the individual electrons with nearby magnetic nuclei are responsible for a
certain width of each T�, T�, T0, and S sublevel corresponding to the average of
the isotropic hyperfine coupling strength ∆Ehfc; and (3) the isotropic electronic
Zeeman interaction caused by the presence of an external magnetic field Bo.
1(A�···D�) ↔ 3(A�···D�) transitions become possible when the unpaired
electrons process at different rates (ω1 and ω2) and when the singlet and triplet
sublevels have similar energies.

The spin up-conversion rates are determined by magnetic interactions,
with the mechanism of intersystem crossing depending on the methods by which
∆ω � ω1 � ω2 is caused to change from zero. In cases of organic radical pairs,
this is mainly caused by the Zeeman and hyperfine interaction present in the
system. The precession frequency (the so-called Larmor frequency) for the
electron spin is given by [104–106]

(64)

where g and µB are the gyromagnetic factor and the Bohr magneton,
respectively. In the semiclassical picture, an active magnetic field B is a vector
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Figure 19 Energy diagram of electronic spin states of a radical pair in a magnetic field.
Systems with exchange integral J � ∆Ehfc (left) and J 	 ∆Ehfc (right). ∆Ehfc is an average
bandwith due to hyperfine coupling.

ω = π µ2 g B B

h
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sum of two components: the external magnetic field Bo and effective magnetic
field Bhfc, resulting from the sum of the hyperfine coupling of the various nuclear
spins in the A� and D� radicals. Depending on the relative values of J and ∆Ehfc,
the effective singlet–triplet mixing necessary for the spin up-conversion occurs
at different values of the external magnetic field Bo: at Bo → 0 for J 		 ∆Ehfc

or at Bo � Bmax ≅ 2J/gµB for J �� ∆Ehfc. The time scale on which the
singlet–triplet mixing occurs can be estimated by using the semiclassical
effective hyperfine field B1/2 defined as [104,105]

(65)

where the individual Bi values can be calculated with the equation

(66)

on the basis of interaction between nuclear spin IN and the unpaired electron in
each radical with the isotropic hyperfine coupling constant AN (usually estimated
from the electron spin resonance data). Typical B1/2 values are 0.5–5 mT,
yielding a Larmor frequency in the range of 108–109 s�1. This allows one to
conclude that organic ECL systems correspond mostly to a limiting case with kTS

→ 0 and that Eq. (21) or (22) is adequate for a kinetic description of the T route
[or Eq. (29) or (30) for the S route]. This is because spin relaxation is too slow
to meet the condition kTS � 1/τac (also at Bo ≅ 0).

The situation can be distinctly different in the case of inorganic ECL
systems involving transition metal complexes, where, because of strong
spin–orbit coupling, typical spin relaxation times are in the range of 10�9–10�13

s�1 [106]. Thus, during the lifetime of the activated complex the spin up-
conversion may occur very efficiently. In such cases, Eq. (60) or (61) seems to
be appropriate for a kinetic description of the ECL efficiencies. Moreover, strong
spin–orbit coupling causes considerable deviation of the g factor of inorganic
paramagnetic species from the values characteristic for organic radicals 
(~2.0023 and close to that for a free electron). This could result in considerable
differences in the spin precession frequencies in the A� and D� species, because
of different g factors (a ∆g mechanism), affording intersystem crossing
processes, with the rate of the 1(A�···D�) ↔ 3(A�···D�) transition increasing
linearly with the magnetic field. This effect, however, becomes important at very
high Bo values (a few tesla) [107–109].

C. Spin Up-Conversion After the Electron Transfer Step

As mentioned above, spin up-conversion processes following electron transfer
excitation may play an important role in the case of organic ECL systems, where
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triplet–triplet annihilation results in the observed emission from the excited
singlet states. The excited triplet states of organic species (3A* or 3D*) with a
lifetime in the range of seconds can effectively participate in triplet–triplet
annihilation:

3A* � 3A* → 1A* � A or 3D* � 3D* → 1D* � D (67)

followed by fluorescence from the excited singlets 1A* or 1D*. A more detailed
scheme of 3A*–3A* annihilation is presented in Figure 20. In diffusion-
controlled processes the triplet pair forms an activated complex in three different
spin states (with nine spin sublevels with a branching ratio of 1 : 3: 5). The
excitation energy fusion within 5(3A*···3A*) is not very probable because of the
usually very high energies of the excited quintet 5A*. Correspondingly, the
excited singlet 1A* or triplet 3A* can be produced or recovered from the
1(3A*···3A*) or 3(3A*···3A*) spin forms, respectively. Overall, the efficiency of
excited singlet 1A* generation in the triplet–triplet annihilation process is
governed by the rates of all processes occurring in parallel. One can argue that
in the simplest case (i.e., for kTTA(3) �� kdis and kTTA(1) �� kdis) the maximal
value of the triplet–triplet annihilation efficiency φTTA is 0.25.

On the other hand, interaction between a triplet and a doublet (A� or D�)
leads to triplet deactivation with dissipation of electronic excitation energy,

3A* � A� → A � A� and 3A* � D� → A � D� (68)

triplet–triplet annihilation processes, the triplet–doublet pair forms an activated
complex but in two different spin states (with six spin sublevels with a branching
ratio of 2 : 4). Excitation energy fusion within the 4(3A*···A�) spin form of the
activated complex is usually an inefficient channel because of the relatively high
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Figure 20 Reaction mechanism of the triplet–triplet annihilation processes.
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according to the reaction scheme presented in Figure 21. Similarly, as in



200 Kapturkiewicz

energies of the excited quartet 4*A�. Energy dissipation within 2(3A*···A�) leads
to effective quenching of the excited 3A*, recovering A and A� species (with a
maximal value of 1 for the triplet–doublet quenching efficiency φTDQ. The two
processes (triplet annihilation and triplet quenching) occur in parallel and usually
lead to rather low φecl efficiencies in organic ECL systems following the T route:

φecl � φesφoφTTA(1 � φDDQ) (69)

where the term φTTA(1 � φDDQ) describes the effective triplet–triplet annihilation
efficiency in an ECL process. Taking into account the fact that in ECL systems
following the S route, φecl � φoφes, one can also expect that the directly produced
excited singlets become the dominant light source, even if φes(T1) is much higher
than φes(S1) [84].

Similarly, as in the case of the doublet–doublet pair, magnetic interactions
between unpaired electrons in the 3A*···3A* or 3A*···A� species are responsible
for the spin up-conversion processes. Intramolecular spin–spin and spin–orbit
interactions (zero field splitting within the triplet molecule) play a general role in
triplet–triplet annihilation as well as in triplet–doublet quenching. In the case of
a triplet–doublet pair, however, one of the zero field splitting terms is replaced
by the isotropic hyperfine interaction (within the radical ion). Moreover,
exchange interactions and the Zeeman interaction (in the presence of an external
magnetic field) also take place. Examples of a particular ordering of energy

triplet–doublet pairs, respectively. Both energy level diagrams allow
straightforward qualitative discussion of the external magnetic field influence on
particular spin up-conversion processes.

D. Magnetic Field Effects

The spin up-conversion processes usually involve nearly degenerate sets of spin
levels, which is the reason that Zeeman splittings much smaller than thermal

Figure 21 Reaction mechanism of the triplet–doublet quenching processes.
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levels are illustrated schematically in Figures 22 and 23 for the triplet–triplet and
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energies may have appreciable effects. Thus application of the external magnetic
field can be exploited as a diagnostic tool not only for the spin up-conversion
processes themselves but also for the entire reaction mechanism of which they
are a part. As mentioned above, the observed effects can be understood on the

cases presented, application of an external magnetic field may lead to decoupling
or coupling of the energy levels characteristic of a particular spin up-conversion
process. The first effect is responsible for a lowering of the spin up-conversion
rate, because intersystem transitions may occur only if the involved levels
approach each other within their energetic width. The second effect is connected
with energy level crossings, at some higher magnetic fields, allowing for
intersystem transitions. This may lead to an increase in the spin up-conversion
rates, which at still higher fields are suppressed again (resonance in the magnetic
field dependence). Within this picture (Merrifield’s treatment [98]), intersystem
transitions are expected to be suppressed at a sufficiently high magnetic field. This
is because for high magnetic fields the energy differences between some of the
spin states are too large for any significant mixing to occur. At low magnetic fields
more states are nearly degenerate, which may result in enhancement of the spin 

Figure 22 Energy diagram of electronic spin states of a triplet–triplet pair in a magnetic
field. Systems with large (left) and small (right) values of the triplet–singlet splitting
energies ∆ETS. Eigenstate energies are not sharply defined because both ∆ETS and ∆EQS

quantities depend on the random orientation (in liquid solutions) of the 3A* species within
the activated complex 3A*···3A*.

Copyright © 2004 by Marcel Dekker, Inc.

basis of the energy diagrams presented in Figures 19, 22, and 23. In all of the



up-conversion rate. It should be noted, however, that a  simple monotonic decrease
of the spin-up conversion rate is expected only for systems with very small energy
splitting at zero field. Generally the state mixing is maximal when the Zeeman and
other magnetic interactions (e.g., hyperfine interactions) present in the given
system are of a similar magnitudes (cf. appropriate energy level schemes).

Application of the external magnetic field may in principle influence all
classes of the spin up-conversion processes involved in an ECL system. Thus the
observed effects (changes in the ECL intensity as a function of the applied
external magnetic field) are a superposition of all changes occurring in the spin
up-conversion kinetics. In the simplest cases, when only processes occurring
before an intrinsic electron transfer step are taken into account, one can expect a
lack of any intrinsic effects, as was briefly discussed in Section IV.B. Kinetic
considerations (Sections II.C and II.D) indicate that the spin up-conversion
between two forms of the activated complex, 1(A�···D�) and 3(A�···D�), is
governed by the sum of the kdis and kTS rates. Thus, the eventual decrease (or
increase) in the kTS values leads to much less pronounced changes in the kdis �
4kTS sum. Lack of a magnetic field effect reported [110] for the ECL system
involving 9,10-diphenylanthracene agrees nicely with the above conclusion.

pronounced for organic ECL systems following the T route, where both
triplet–triplet annihilation and triplet–doublet quenching reactions are expected
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Figure 23 Energy diagram of electronic spin states of a triplet–doublet pair in a
magnetic field. Systems with large (left) and small (right) values of the quartet–doublet
splitting energies ∆EQD. Eigenstate energies are not sharply defined because ∆EQD

depends on the random orientation (in liquid solutions) of the 3A* and A� species within
the activated complex 3A*···A�.

Copyright © 2004 by Marcel Dekker, Inc.

However (see Section IV.C), magnetic field effects should be much more
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to be influenced by an external magnetic field. Effects of this kind have been
reported by Bard and coworkers [111–114] for the organic ECL systems with the
ion annihilation energies insufficient to populate the excited singlet states
directly. A monotonic increase in the ECL intensity (up to 30% at a field strength
of ~8000 G) was found, although independent measurements [115] have
indicated that the triplet–triplet annihilation efficiency is inhibited at all
magnetic field strengths up to 104 G. Evidently the magnetic field induced a
decrease in the rate of the triplet–doublet quenching prevailing in the ECL
systems studied. This conclusion has been further supported in the studies of the
magnetic field effect on the triplet–doublet quenching processes [116].

The fact that organic ECL systems exhibit different types of behavior
suggests that the influence of an external magnetic field on the ECL efficiency
can be used as an additional classification criterion that allows one to distinguish
between S and T routes. Thus, in ECL systems that are not too strongly energy-
deficient (rubrene cation � rubrene anion), changes in the solvent or supporting
electrolyte can cause a shift from the T route to the S route, which is borne out
in changes in the observed magnetic field effect [114,117,118]. It should be
noted, however, that there are some exceptions to the general rule, e.g., the
mixed ECL system involving thianthrene and 2,5-diphenyl-1,3,4-oxadiazole
precursors [119], where no magnetic effect was observed. Thus one should be
careful in interpreting magnetic field effects on ECL efficiencies [120].

V. CONCLUDING REMARKS

Electrochemiluminescence can be used as a tool for studying the kinetics and
mechanism of electron transfer reactions, which, unfortunately, is rather difficult
task. The combined requirements of reductant and oxidant chemical stability (in
the presence of electrodes, electrolyte, and solvent) and a lack of chemical
complications following the initial electron transfer to and from the electrode
still pose a problem. Thus the chemistry occurring in solution after electrolysis
must be examined very carefully. The photochemical stability and desired high
fluorescence efficiencies of the generated excited states are an additional
problem. All these requirements drastically limit the types of compounds
suitable for use in the quantitative studies of the ECL phenomenon. The
mentioned complications may lead to misinterpretation of the experimental
results. On the other hand, if all of the interferences are removed by the
appropriate conditions of the experiment and if only simple ion annihilation
takes place during the ECL process without any competitive reactions, the
obtained data (ECL efficiencies) allow for a quantitative discussion of the
electron transfer excitation.

As discussed above, the Marcus model for ECL processes can be used for
qualitative as well as quantitative descriptions of such kinds of electron transfer

Copyright © 2004 by Marcel Dekker, Inc.
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reactions. However, a more sophisticated approach, taking into account the
vibronic excitation in the reaction products (important in the Marcus inverted
region), solvent molecular dynamics (important in the case of large values of the
electronic coupling elements), and eventual changes in the electron transfer
distance, seems to be necessary. Moreover, additional kinetic complications
caused by diffusional limitations as well as by the presence of spin up-
conversion processes should also be taken into account in a more detailed
discussion. It seems to be clear that, because of the large number of parameters
going into the theoretical description, a quantitative description of the ECL
phenomenon remains an open question. This is also true for the relatively well

The Marcus model may also be applied in principle for predicting ECL
behavior (i.e., spectral characteristics and ECL efficiencies) using information
from pertinent electrochemical, spectroscopic, and photophysical data of the A
and D molecules. This particular aspect of the theoretical descriptions of ECL
offers the possibility of designing new ECL systems with extremely high
efficiencies. At the present stage, however, it is only a very promising
possibility. One can trust that it will really be possible when the roles of all
factors affecting electron transfer excitation are much better recognized. Further
quantitative investigations (e.g., of temperature effects on ECL efficiencies) are
necessary to give a decisive answer to remaining questions and doubts,
especially concerning the adequacy of a simple ion-pair approximation for the
ECL activated complex.
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I. INTRODUCTION

Electrogenerated chemiluminescence (ECL) can be generated by annihilation
reactions between oxidized and reduced species produced at a single electrode by
using an alternating potential, or at two separate electrodes in close proximity to
each other by holding one electrode at a reductive potential and the other at an
oxidative potential [1]. Because annihilation reactions are very energetic (typically
2–3 eV) and potential windows for aqueous solutions are generally too narrow to
allow convenient electrolytic generation of both the oxidized and reduced ECL
precursors, most annihilation ECL processes have been investigated in organic
solvents or partially organic solutions [2]. By adding certain species, called
coreactants, into solutions containing luminophore species, ECL can also be
generated with a single potential step or one directional potential scanning at an
electrode; this permits ECL to be observed in aqueous solutions [1]. Depending on
the polarity of the applied potential, both the luminophore and the coreactant
species can first be oxidized or reduced at the electrode to form radicals, and
intermediates formed from the coreactant then decompose to produce a powerful
reducing or oxidizing species that reacts with the oxidized or reduced luminophore
to produce the excited states that emit light. Because highly reducing intermediate
species are generated after an electrochemical oxidation of a coreactant, or highly
oxidizing ones are produced after an electrochemical reduction, the corresponding
ECL reactions are often referred to as “oxidative reduction” ECL and “reductive
oxidation” ECL, respectively [2,3]. Thus, a coreactant is a species that, upon
electrochemical oxidation or reduction, immediately undergoes chemical
decomposition to form a strong reducing or oxidizing intermediate that can react
with an oxidized or reduced ECL luminophore to generate excited states. Common
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2

CO2
•�, a strongly reducing agent, whereas tertiary amines deprotonate to yield

strongly reducing radical species. A typical example of coreactants used for
reductive oxidation ECL would be peroxydisulfate (Section II.B), which, upon
reduction, forms SO4

•�, a strong oxidant. Clearly, unlike annihilation ECL, where
all starting species can be regenerated after light emission, coreactant ECL can
regenerate luminophore species only while the coreactant is consumed via the ECE
[1] reactions.

Coreactant ECL has been used in a wide range of analytical applications

proportional to the concentration of the coreactant and emitter, ECL can be used in
the analysis of various species, in which either the coreactant, the emitter, or a
species tagged with the emitter can be analyzed [4].

An understanding of the mechanism of the coreactant ECL system is
important in designing and selecting new coreactants and luminophore species and
in improving the sensitivity and reproducibility of the ECL system. In this chapter,
commonly used coreactants and relevant ECL mechanisms are reviewed. Although
there are a wide variety of molecules that exhibit ECL, the overwhelming majority
of publications concerned with coreactant ECL and its analytical applications 
are based on chemistry involving tris(2,2�-bipyridine)ruthenium(II),
bipyridine)ruthenium(II), Ru(bpy)3

2� (bpy � 2,2�-bipyridine), or closely related
analogs as the emitting species, because of their excellent chemical,
electrochemical, and photochemical properties even in aqueous media and in the
presence of oxygen [13]. Consequently, much of this chapter concerns
Ru(bpy)3

2�/coreactant ECL systems.

II. GENERAL REVIEW OF COREACTANTS

A. Oxalate System

In an attempt to determine the postulated intermediate dioxetanedione from the so
called peroxyoxalate chemiluminescent reaction [14], in 1977 Bard’s group [15]
studied the electrochemical oxidation of oxalate ion, C2O4

2�, in MeCN. Although
no evidence of the dioxetanedione as an intermediate was found in these studies, a
new chemiluminescent reaction was discovered when oxalate and a fluorescent
compound were simultaneously oxidized at a platinum electrode. This was, in fact,
the first account of coreactant ECL reactions. In a subsequent ECL report primarily
based on Ru(bpy)3

2� and oxalate in aqueous solutions, Rubinstein and Bard [2]
referred to the coupled reactions of oxalate, which involve first an electrochemical
oxidation and then a chemical decomposition of the product to form a highly
reducing intermediate (CO2

•�, E° � �1.9 V vs. NHE [16]) that reacts with

Copyright © 2004 by Marcel Dekker, Inc.

[4–12] (See also Chapters 7 and 8). Because the ECL emission intensity is usually

coreactants for oxidative reduction ECL are oxalate (See Section II.A) and tertiary
amines (See Section II.C). Upon oxidation, the oxalate ion loses CO , producing
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Ru(bpy)3
3� produced electrochemically at the electrode to give an ECL signal, as

“oxidative-reductions.” Since that time, this kind of ECL has been often referred
to as oxidative reduction coreactant ECL.

In aqueous solutions, oxalate is irreversibly oxidized to CO2 at Pt electrodes
at potentials within the platinum oxide region. This oxidation is known to be
completely suppressed on an oxide-covered Pt electrode surface [2,17–20];
however, on such an electrode the reversible Ru(bpy)3

2�/3� couple is readily
observed [2]. Carbon electrodes (both pyrolytic graphite and glassy carbon) show
behavior similar to that of oxide-covered Pt electrodes toward oxalate and
Ru(bpy)3

2� oxidation; i.e., there is a very large over potential for oxalate oxidation
on carbon compared to that on reduced Pt. Moreover, at an oxidized Pt electrode,
in the presence of oxalate, the anodic current for Ru(bpy)3

2� was larger and the
cathodic current on the reverse scan was smaller than in its absence, suggesting that
the catalytic reaction of Ru(bpy)3

3� with oxalate occurred and that under these
conditions oxalate is not oxidized directly at the electrode.

When a potential that is more positive than the potential for the oxidation
of Ru(bpy)3

2� is applied to a Pt or carbon electrode in an aqueous solution

Figure 1 (a) Spectrum of ECL emission at Pt electrode in a solution of 1.0 mM
Ru(bpy)3(ClO4)2 and 50 mM Na2C2O4 at pH 5.0, with cyclic square wave excitation,
between 0.2 and 0.7 V vs mercury sulfate electrode (MSE) at 0.2 Hz. (b) Luminescence
emission spectrum of 1.0 mM Ru(bpy)3(ClO4)2 in 0.1 M H2SO4, with photoexcitation at
500 nm. (From Ref. 2.)
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containing both Ru(bpy)3
2� and oxalate, orange light attributed to the excited

state Ru(bpy)3
2�

mechanism of this system was proposed to be as in Scheme 1 [2].

Ru(bpy)3
2� � e            Ru(bpy)3

3�

Ru(bpy)3
3� � C2O4

2� Ru(bpy)3
2� � C2O4

•�

C2O4
•� CO2

•� � CO2

Ru(bpy)3
3� � CO2

•� Ru(bpy)3
2�* � CO2

Ru(bpy)3
2� � CO2

•� Ru(bpy)3
� � CO2

Ru(bpy)3
3� � Ru(bpy)3

� Ru(bpy)3
2�* � Ru(bpy)3

2�

Ru(bpy)3
2�*            Ru(bpy)3

2� � hv 

Scheme 1

First, the Ru(bpy)3
2� is oxidized at the electrode to the Ru(bpy)3

3� cation. This
species is then capable of oxidizing the oxalate (C2O4

2�) in the diffusion layer
close to the electrode surface to form an oxalate radical anion (C2O4

•�). This
breaks down to form a highly reducing radical anion (CO2

•�) and carbon
dioxide. The reducing intermediate then either reduces the Ru(bpy)3

3� complex
back to the parent complex in an excited state or reduces Ru(bpy)3

2� to form
Ru(bpy)3

�, which reacts with Ru(bpy)3
3� to generate the excited state

Ru(bpy)3
2�*, which emits light with λmax ~620 nm.

In MeCN, however, oxalate has been shown to be easier to oxidize than the
Ru(bpy)3

2� complex [15]. Thus, both reactants are oxidized at the electrode
during light generation. The short-lived oxalate radical anion is then transformed
into the carbon dioxide radical anion close to the electrode, where most of it is
oxidized. That is, the direct contribution of oxidation of oxalate at the electrode
in MeCN to the overall ECL is probably small.

The annihilation reaction is probably the main route for the generation of

•�) upon oxidation at about �1.25 V vs.
SCE and is not reducible up to at least �2.4 V vs. SCE, whereas 2,5-diphenyl-
1,3,4-oxadiazole (PPD, Fig. 3b) forms a stable anion (PPD•�) at �2.17 V vs.
SCE [21]. The lack of emission during the oxidation of TH and oxalate in the
absence of PPD but the formation of excited state TH* in the presence of PPD

via the annihilation reaction between TH•� cations electrochemically oxidized at
the electrode from TH and PPD•� anions produced via homogeneous reduction
of PPD with CO2

•�, and it is unlikely that it is due to the reaction between TH•�

and CO2
•�, although the energy of the latter reaction should be great enough

[15]. Other examples of annihilation reactions between the oxidized fluorescer

Copyright © 2004 by Marcel Dekker, Inc.

* is emitted from the electrode surface (Figs. 1 and 2). The ECL

the excited state species in MeCN. For example, in MeCN, thianthrene (TH, Fig.
3a) forms a stable radical cation (TH

(Fig. 4), suggests that in this case the excited state TH* is most likely generated
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D•� at the electrode and the reduced fluorescer A•� via CO2
•� include D•� [D

� rubrene, DPA, TPP, bipyridyl chelates Ru(II) and Os(II)] and A•� [A �
rubrene, DPA, TPP, and chelates Ru(II) and Os(II)] [15].

In aqueous solutions, the ECL intensity of the Ru(bpy)3
2�/oxalate system

essentially constant from pH 4 to 8 [22,23] at macroelectrodes (Fig. 5b) and from

Figure 2 (A) Cyclic voltammogram for 1 mM Ru(bpy)3
2� in pH 5 phosphate buffer in

the presence of 30 mM Na2C2O4, at glassy carbon electrode, at a scan rate of 50 mV/s, (B)
Light intensity vs. potential profile for the solution in (A). (From Ref. 22.)

Copyright © 2004 by Marcel Dekker, Inc.

has been reported to have a maximum at ~pH 6 [2] (Fig. 5a) and also to be
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Figure 5a were measured in unbuffered solutions, so the pH at the electrode
surface during oxidation was somewhat lower than in the bulk solution [2].
Addition of buffers, hence an increase in solution ionic strength, resulted in a
decrease in ECL intensity [2,24]. As shown in Figure 5c, the intensity of steady
emitted light correlates with the steady-state current at the ultramicroelectrode
and thus to the catalytic efficiency of the reaction between Ru(bpy)3

3� and
oxalate. That is, the ECL intensity is first governed by the first homogeneous
oxalate oxidation, which acts as the rate-determining step for either the
electrochemical current or the ECL measurements, as would be expected from

strength dependence of the light intensity is approximately due to changes in the
first homogeneous ET rate constant of these parameters, which can be attributed
to the acid–base behavior of oxalate acid (pKa1 � 1.23; pKa2 � 4.19 at 25°C
[25]) and the existence of an ion-pairing equilibrium preceding the ET process,
respectively [24]. However, for Nafion- immobilized Ru(bpy)3

2� with oxalate in
solution, ECL intensity was found to increase with increasing ionic strength; this
was shown to be a phenomenon related to the Nafion film and not to the ECL
reaction [23]. The decrease in the ECL intensity at high pH values was attributed
to the oxygen evolution reaction at the electrode, which is shifted to less positive
potentials with increasing pH [2].

Figure 3 Structures of (a) thianthrene (TH) and (b) 2,5-diphenyl-1,3,4-oxadiazole
(PPD).

Copyright © 2004 by Marcel Dekker, Inc.

pH 5 to 8 at ultramicroelectrodes [24] (Fig. 5c). Note that the data shown in

the proposed mechanism shown in Scheme 1. Therefore, the pH and ionic
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To examine the importance of the homogeneous ET in the overall
electrochemical/ECL process, Kanoufi and Bard [24] further investigated ECL
generation for different Ru(II) species RuL�L2

2�
, varying the driving force of the

homogeneous ET. It was found that a large driving force results in a faster

luminescence emission of ECL is also related to the competition between the
different pathways of the second electron transfer (oxidation of CO2

•�) [24].
The relationship between the electrochemical current and the ECL intensity

has also been rationalized [24,26]. At an ultramicroelectrode, the steady emitted
light Ils, normalized by the initial Ru(bpy)3

2� concentration (Ils/[Ru2�]0) varies
linearly with the steady-state catalytic current is, normalized by the initial
electrochemical current is0 in the absence of oxalate (is/is0
ultrasonic agitation, Malins et al [26] found that the ECL intensity can be increased

Figure 4 (a) Cyclic voltammogram of solution containing 2 mM each TH, PPD, and
(TBA)2Ox on 0.1 M TBAP-MeCN. (b) ECL spectrum with 5 s pulses between 0 and 1.3
V vs. SCE. No emission is observed under similar pulsing conditions in a solution lacking
the PPD. (From Ref. 15.)

Copyright © 2004 by Marcel Dekker, Inc.

homogeneous ET and higher current and light intensities (Fig. 6). However, the

) (Fig. 7) [24]. Under
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more than 100% compared to that obtained under silent conditions and that the
light intensity is linearly proportional to the square of the electrochemical
current.

For the aqueous Ru(bpy)3
2�/oxalate system, removal of oxygen from the

solution is said to be unnecessary to observe ECL [2], but deaeration with

Figure 5 Dependence of ECL intensity on pH. The solution contained (a) 1.0 mM
Ru(bpy)3

2� and 6.0 mM H2C2O4, with the pH adjusted by addition of NaOH to 0.1 M
H2SO4 (from Ref. 2) and (b) 0.6 mM Ru(bpy)3

2� and 27 mM Na2C2O4 in phosphate
buffer (from Ref. 22). (c) Variation of the plateau (r) light intensity Ils and (u) steady-
state electrochemical current intensity is with pH obtained from an ultramicroelectrode.
The solution contained 0.75 mM Ru(bpy)3

2� and 30 mM C2O4
2- in 0.1 M NaCl � 0.1 M

phosphate buffer. (From Ref. 24.)

Copyright © 2004 by Marcel Dekker, Inc.
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Figure 6 Variation of the logarithm of the plateau (r) light intensity Ils and (u) current
intensity is with the standard oxidation potential of RuL L2

2�. [RuL L2
2�] ≈ 0.25 mM and

[C2O4
2�] � 50 mM in 0.1 M NaCl � 0.1 M phosphate buffer, pH 6.1. (From Ref. 24.)

Figure 7 Variation of the normalized catalytic current is/is0, where is0 is the current in
the absence of oxalate, with the normalized plateau light intensity Ils/[Ru2�] for 0.4 �
[Ru(bpy)3

2�] � 4 mM and 1 � [C2O4
2-] � 30 mM in 0.1 M NaCl � 0.1 M phosphate

buffer, pH � 6.1. (From Ref. 24.)

Copyright © 2004 by Marcel Dekker, Inc.
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nitrogen for several minutes increases the ECL intensity and improves
reproducibility [22]. The ECL efficiency φECL(photons emitted/Ru(bpy)3

3�

generated) of this system is also affected by deaeration [2]. In aqueous
deaerated solution of 1.0 mM Ru(bpy)3(ClO4)2 and 50 mM Na2C2O4, the
estimated φECL value is ~2%. In a nondeaerated solution, φECL decreased to
about one-third of this value.

Electrogenerated chemiluminescence from Ru(bpy)3
2� contained within

Nafion films with oxalate dissolved in the solution has been used to study
electrochemical behavior including charge and mass transport within polymer
films and the ECL mechanism of the system [27,28] and to quantitate solution-
phase analytes [23,29]. By combining ECL data with the usual electrochemical
results, Rubinstein and Bard [28] were able to propose a model that accounts
for essentially all of the experimental results obtained with the polymer film
electrode. This model included oxidation of oxalate ions that penetrated into
the Nafion layer mediated by Ru(bpy)3

3� formed upon oxidation of
Ru(bpy)3

2� at the substrate surface, as well as direct oxalate oxidation on the
substrate at high positive potentials. It also demonstrated the possibility that
only a fraction of ECL is produced by direct reaction of CO2

•� with
Ru(bpy)3

3� and that quenching of Ru(bpy)3
2�* by an excess of Ru(bpy)3

3� is
also possible.

A number of Ru(bpy)3
2� derivatives have been immobilized covalently,

entrapped in SiO2 sol-gel polymer, or via the Langmuir–Blodgett method onto
ITO, Au, or Pt electrode surfaces, and the ECL behavior of these Ru(II)
complex films was studied in the presence of oxalate [30–34]. A red shift of
the ECL spectrum [~30–60 nm compared to that found for solution-phase
luminescence of the complex in organic solvents or Ru(bpy)3

2� in aqueous
solution] was commonly observed [30–32], suggesting that there is some
interaction between the immobilized molecules [31]. The ECL mechanism of
this type of system with oxalate as a coreactant should be analogous to that of
the solution-phase Ru(bpy)3

2�

formation of the excited state species is unlikely to occur via the annihilation
reaction [32] and quenching of the excited state by electrode may take place
[30,31]. Investigations of oxalate oxidation and ECL across the liquid/liquid
interface has also been reported [35,36].

Other chelate complexes, such as Os(bpz)3
2� (bpz � 2,2�-bipyrazine)

[37] and binuclear iridium(I) complexes [38], can also produce ECL in the
presence of oxalate upon electrochemical oxidation in both organic and
aqueous solutions.

Oxalate ions have been quantitatively determined by using the
Ru(bpy)3

2�/oxalate coreactant ECL reaction in a diverse range of biological
and industrial samples, including vegetable matter [39], urine [40–42], blood
plasma [40,42], and alumina process liquors [43].

Copyright © 2004 by Marcel Dekker, Inc.

/oxalate system (Scheme 1), although the
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B. Peroxydisulfate (Persulfate) System

The first reductive oxidation coreactant ECL reactions were introduced
independently by Bolletta et al. [44] and White and Bard [3] in 1982. They described
ECL production in DMF [44], MeCN [44], aqueous [44], or MeCN–H2O (1:1 in v/v)
[3] solution by the reaction of electrogenerated Ru(bpy)3

� [3,44], Cr(bpy)3
2� [44],

or Os(bpy)3
� [44] with the strongly oxidizing intermediate SO4

•� (E°� 3.15 V vs.
SCE [45]), generated during reduction of S2O8

2�. Because Ru(bpy)3
� is unstable in

aqueous solutions and (NH4)2S2O8 has a low solubility in MeCN solutions, the
MeCN–H2O mixed solutions were chosen by the latter group to produce intense ECL
emission. As shown in Figure 8, the S2O8

2� can be reduced either at the electrode

Figure 8 Cyclic voltammograms (50 mV/s) at a glassy carbon electrode in degassed
MeCN–H2O (1:1 by volume) solutions containing (a) supporting electrolyte (0.1 M TMAP),
(b) 6.6 mM (NH4)2S2O8, (c) 2 mM Ru(bpy)3(PF6)2, (d) 2 mM Ru(bpy)3(PF6)2 and 6.6 mM
(NH4)2S2O8. The supporting electrolyte is 0.1 M TMAP in (b)–(d). (From Ref. 3.)

Copyright © 2004 by Marcel Dekker, Inc.
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directly or by electrogenerated Ru(bpy)3
� in MeCN–H2O solution. The ECL

intensity–potential profile curves (Fig. 9) indicate that no ECL is observed at
potentials up to �1.4 V vs. SCE, where S2O8

2� is reduced directly at both glassy
carbon and Pt electrodes and that only when the potential is biased negative of the
onset of the Ru(bpy)3

2�/� reduction wave (�1.4 V vs. SCE) does ECL appear [3].
Similar results were observed in DMF for Ru(bpy)3

2� and Os(bpy)3
2�, in MeCN for

Ru(bpy)3
2�, and in aqueous solution for Cr(bpy)3

3� at a Pt electrode in the presence
of S2O8

2� [44]. These data suggest that the direct electrogeneration of one-
electron reduced metal complex species, such as Ru(bpy)3

�, is necessary to
produce the corresponding excited state species, i.e., Ru(bpy)3

2�*.

Ru(bpy)3
2�* when S2O8

2� is used as the coreactant. This reaction sequence
should be also operative for the Os(bpy)3

2�/S2O8
2� and Cr(bpy)3

3�/S2O8
2�

systems, although the annihilation reaction is unlikely to occur for the
Cr(bpy)3

3�/S2O8
2� system [44]. By using aromatic hydrocarbons (R) whose

cation radicals undergo a rapid dimerization reaction for R, Fabrizio et al. [46]
recently confirmed through electrochemical and ECL measurements that the

Figure 9 Relative ECL intensity–potential curves at (a) a glassy carbon electrode and
(b) a Pt electrode in MeCN–H2O containing 1 mM Ru(bpy)3

2� and 10 mM S2O8
2�. The

scan rate is 50 mV/s. The noise in (b) is due to H2 evolution. (From Ref. 3.)

Copyright © 2004 by Marcel Dekker, Inc.

Scheme 2 summarizes the possible pathways for the production of
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sulfate radical anion SO4
•� generated during reduction of S2O8

2� can oxidize R
and generate radical cations (R•�). These data indirectly support the formation
of Ru(bpy)3

3� from Ru(bpy)3
2� oxidation by SO4

•� in Ru(bpy)3
2�–S2O8

2�

solution upon electrochemical reduction.

S2O8
2� � e S2O8

•3�

Ru(bpy)3
2� � e Ru(bpy)3

�

Ru(bpy)3
� � S2O8

2� Ru(bpy)3
2� � S2O8

•3�

S2O8
•3� SO4

2� � SO4
•�

Ru(bpy)3
� � SO4

•� Ru(bpy)3
2�* � SO4

2�

Ru(bpy)3
2� � SO4

•� Ru(bpy)3
3� � SO4

2�

Ru(bpy)3
� � Ru(bpy)3

3� Ru(bpy)3
2�* � Ru(bpy)3

2�

Scheme 2

The ECL intensity of the Ru(bpy)3
2�/S2O8

2� system was found to be a
function of S2O8

2� concentration, and for 1 mM Ru(bpy)3
2� solution the

maximum ECL intensity was obtained at 15–20 mM S2O8
2�

is because the persulfate ion is a coreactant of Ru(bpy)3
2� ECL as well as an

effective quencher of the excited state Ru(bpy)3
2�* [47], and Figure 10

demonstrates both the increase in ECL intensity as more excited states are
formed and the quenching of the excited states by the persulfate coreactant.
However, at high S2O8

2� concentrations (�30 mM) not only is the excited state
quenched but electrogenerated Ru(bpy)3

� may be removed by reaction with
S2O8

2� to give Ru(bpy)3
2�, decreasing the Ru(bpy)3

� steady-state concentration
near the electrode surface [3].

The coulometric efficiency (φcoul, photons generated per electron injected)
of this system was estimated to be ~2.5%, and this value was found to be
insensitive to dissolved O2 when Ru(bpy)3

2� concentrations were higher than 10
nM [3,22]. Because practically no background emission is detected in the
persulfate, concentration of Ru(bpy)3

2� as low as 0.1 pM could be detected [22].
Sodium dodecyl sulfate (SDS) enhanced the ECL intensity by

approximately sixfold when 15 mM SDS was added to a 10 µM Ru(bpy)3
2�/20

mM S2O8
2� MeCN–H2O (1:1 by volume) solution containing 1.0 M TMAP

electrolyte [48]. This behavior was attributed to the stabilization of ECL
intermediates in the SDS micellar environment. In contrast, addition of
cetyltrimethylammonium bromide (CTAB) and Triton X-100 can reduce the
ECL intensity. The reason behind this is still unclear.

A strong ECL signal was seen at a carbon paste electrode for the
Ru(bpy)3

2�/S2O8
2� system in purely aqueous solution [49]. A linear correlation

Copyright © 2004 by Marcel Dekker, Inc.

(Fig. 10) [3]. This



between the light intensity and the concentration of Ru(bpy)3
2� over the range

of 10 mM to 0.10 µM was obtained. Also, the ECL intensity was found to
increase linearly with the S2O8

2� concentration from 1 µM up to 0.3 mM but to
drop off sharply at concentrations higher than 1 mM.

Electrogenerated chemiluminescence studies of many metal chelates other
than Ru(bpy)3

2�, including Cr(bpy)3
3� [44,50], Ru(bpz)3

2� (bpz � 2,2�-
bipyrazine) [51,52], Mo2Cl4(PMe3)4 [53], Eu (III) [54], [(bpy)2Ru]2(bphb)4�

(bphb � 1,4-bis(4-methyl-2,2’-bipyrindin-4-yl)benzene) [55], (bpy)2Ru
(bphb)2� [55], and Ru(phen)3

2� [56] complexes, using S2O8
2� as a coreactant

example, the ECL behavior of Ru(phen)3
2� studied initially in degassed

MeCN/0.10 M TBABF4 solution at a Pt electrode via annihilation [57] has since
been investigated in aqueous phosphate buffer solution (pH 7) at a carbon paste
electrode with S2O8

2� coreactant [56]. The ECL of the Ru(phen)3
2�/S2O8

2�

system started at ~ �1.3 V vs. Ag/AgCl, where Ru(phen)3
2� was directly
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Figure 10 Relative ECL intensity as a function of (NH4)2S2O8 concentration in degassed
MeCN–H2O (1:1 by volume) solutions containing 1 mM Ru(bpy)3(PF6)2. (From Ref. 3.)

Copyright © 2004 by Marcel Dekker, Inc.

have also been reported, and some of them are reviewed in Chapter 7. For



reduced at the working electrode, indicating that as in the case of
Ru(bpy)3

2�/S2O8
2� the ECL was initiated by the electrochemically reduced

metal chelate rather than S2O8
2� or its reduction products. The light intensity

versus S2O8
2� concentration was linear in the range of 5 µM to 2 mM.

The cathodic reduction of sodium 9,10-diphenylanthracene-2-sulfate
(DPAS) (Fig. 11a) in the presence of S2O8

2� as a coreactant also produces ECL in
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Figure 11 (a) Structure of sodium 9,10-diphenylanthracene-2-sulfate (DPAS). (b)
Cyclic voltammogram of 11 mM (NH4)2S2O8 in an MeCN–H2O solution (1:1 v/v) at a 1.5
mm diameter Pt electrode. Supporting electrolyte, 0.2 M TEAP; scan rate, 100 mV/s. (c)
Cyclic voltammogram of 0.93 mM DPAS in MeCN at a 1.5 mm diameter Pt electrode.
Supporting electrolyte, 0.10 M TBABF4; scan rate, 200 mV/s. The small pre-wave was
due to adsorbed DAPS. (d) The ECL emission for the reduction of 1.1 mM DPAS and 25
mM (NH4)2S2O8 in MeCN–H2O solution (1:1 v/v) at a 2.0 mm diameter Pt electrode.
Supporting electrolyte, 0.2 M TEAP; scan rate, 100 mV/s. (From Ref. 58.)

Copyright © 2004 by Marcel Dekker, Inc.



MeCN–H2O (1:1 by volume) (Figs. 11b–d) [58]. The ECL mechanism of this
�/0/�/* respectively for

Ru(bpy)3
3�/2�/�/2�*. As shown in Figure 12, the blue ECL spectrum for the

DPAS emission matches its fluorescence spectrum with the peak intensity at ~
430 nm.

Studies of ECL of several aromatic compounds (Ar), including rubrene
(RU), 9,10- diphenylanthracene (DPA), anthracene (ANT), flupranthene (FLU),
1,3,6,8- tetraphenylpyrene (TPP), and 9,10-dicyanoanthracene (DCA), in the
presence of persulfate in 2:1 MeCN–benzene solutions suggest that as in the case
of Ru(bpy)3

2�/S2O8
2�, ECL is initiated by the electrochemical reduction of

fluorophores and not S2O8
2� and that formation of Ar* with the resulting ECL

was primarily caused by the Ar•�–Ar•� reaction, in which Ar•� was generated
via oxidation of Ar by SO4

•� [59]. The importance of radical cation formation in

diphenyl-1,3,4-oxadiazole (PPD) (Fig. 3b)/ S2O8
2� system [59]. In MeCN, both

TH and PPD compounds have accessible excited states, but TH can only be
oxidized to a radical cation whereas PPD can only be reduced to a stable radical

2 8
2�-catalyzed
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Figure 12
emission was generated by pulsing a 2.0 mm diameter Pt electrode to �2.2 V (vs. SCE) and
integrating the emission for 5 s. Both peak intensities are at 430 nm. (From Ref. 58.)

Copyright © 2004 by Marcel Dekker, Inc.

Fluorescence and ECL spectra for the same solution as in Figure 11c. The ECL

the ECL mechanism is evident in the tertiary thianthrene (TH) (Fig. 3a), 2,5-

anion (Fig. 13) [59]. The TH fluorescence observed during the S O
reduction of PPD (Fig. 14) can be explained with the mechanism shown in

system is analogous to Scheme 2, by substituting DPAS

Scheme 3.



PPD � e PPD•�

PPD•� � S2O8
2� PPD � SO4

2� � SO4
•�

TH � SO4
•� TH•� � SO4

2�

TH•� � PPD•� TH* � PPD

TH* TH � hν

Scheme 3

By using a micelle-forming surfactant, Brij-35 [polyoxyethylene(23)
dodecanol], Ar/S2O8

2� ECL can be also generated in aqueous solutions [60]. In
this case, the emitting species was believed to be the micelle-encapsulated
fluorophore rather than premicellar aggregate.
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Figure 13 Cyclic voltammograms (100 mV/s) at a Pt electrode in MeCN containing
(a) supporting electrolyte (0.1 M TBABF4), (b) 3.0 mM PPD, 3.0 mM TH, and 0.1 M
TBABF4. (From Ref. 59.)

Copyright © 2004 by Marcel Dekker, Inc.



On the other hand, the thin film ECL of the conjugated polymer 4-

was observed when the potential was scanned to �2.0 V vs. Fc/Fc� in a
deoxygenated MeCN solution containing 0.10 M Bu4NBF4 and 10 mM
(TBA)2S2O8 [61].

C. Amine-Related Systems

1. Tri-n-Propylamine System

Noffsinger and Danielson [62] first reported the chemiluminescence of
Ru(bpy)3

3� with aliphatic amines. Following this study, Leland and Powell [63]
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Figure 14 Ultraviolet-visible emission spectra in MeCN of (a) ECL from S2O8
2�-

catalyzed reduction of PPD in the presence of TH [3.0 mM PPD, 3.0 mM TH, 20 mM
(TBA)2S2O8, 0.1 M TBABF4, E � 2.4 V vs. SCE], (b) double potential step ECL from
PPD/TH (3.0 mM PPD, 3.0 mM TH, 0.1 M TBABF4, E � �1.5 to �2.4 V vs. SCE), and
(c) photoexcited fluorescence of TH (λex � 300 nm). (From Ref. 59.)

Copyright © 2004 by Marcel Dekker, Inc.

methoxy-(2-ethylhexoxyl)-2,5-polyphenylenevinylene (MEH-PPV) (Fig. 15)



reported the ECL of Ru(bpy)3
2� with tri-n- propylamine (TPrA) as a coreactant.

Since then, a wide range of ECL analytical applications involving Ru(bpy)3
2� or

its derivatives as labels have been reported [7]. The Ru(bpy)3
2� (or its

derivatives) with TPrA exhibit the highest ECL efficiency, and this system forms
the basis of commercial systems for immunoassay and DNA analysis [7,63,64]

has been investigated by many workers [62–68]. Generally, the ECL emission of

The first occurs with the direct oxidation of TPrA at the electrode, and this wave
is often merged into the foot of the second wave when relatively high
concentrations of Ru(bpy)3

2� (in the millimolar range) are used. The second
wave appears where Ru(bpy)3

2� is oxidized [65,68]. Both waves are associated
with the emission from Ru(bpy)3

2�* [65]. The relative ECL intensity from the
first wave is significant, particularly in dilute (less than micromolar) Ru(bpy)3

2�

solutions containing millimolar TPrA. Thus, the bulk of the ECL signal obtained
in this system with low concentrations of analytes, as in immunoassays and
DNA probes with Ru(bpy)3

2� as an ECL label, probably originates from the first

the cation radical species TPrA•� formed during TPrA oxidation is a sufficiently
stable intermediate (half-life of ~0.2 ms) that it can oxidize Ru(bpy)3

� (formed
from the reduction of Ru(bpy)3

2� by TPrA• free radical) to give Ru(bpy)3
2�*

[68]. Direct evidence for TPrA•� in neutral aqueous solution was obtained via
flow cell electron spin resonance (ESR) experiments at ~20°C [68]. However, as
indicated by digital simulations, fast scan cyclic voltammetry cannot verify the
existence of TPrA•�. This is because of the cancelation of the cathodic current
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Figure 15 Structure of 4-methoxy-(2-ethylhexoxyl)-2,5-polyphenylenevinylene
(MEH-PPV).

Copyright © 2004 by Marcel Dekker, Inc.

(See Chapter 8). The ECL mechanism of this reaction is very complicated and

ECL wave. Scheme 4 summarizes the mechanism of the first ECL wave, where

this system as a function of applied potential consists of two waves (Fig. 5.16).



232 Miao and Choi

Copyright © 2004 by Marcel Dekker, Inc.



Coreactants 233

Scheme 4 (From Ref. 68.)

Scheme 5 (From Ref. 68.)

Figure 16 (a) ECL and (b) cyclic voltammogram of 1.0 nM Ru(bpy)3
2� in the presence

of 0.10 M TPrA with 0.10 M Tris/0.10 M LiClO4 buffer (pH 8) at a 3 mm diameter glassy
carbon electrode at a scan rate of 50 mV/s. (c) Same as (a) but with 1.0 µM Ru(bpy)3

2�.
The ECL intensity scale is given for (c) and should be multiplied by 100 for (a). (d) The
first and second ECL responses in 100 mM TPrA (0.20 M PBS, pH 8.5) with different
Ru(bpy)3

2� concentrations: 1 mM (solid line), 0.50 mM (dashed line), 0.10 mM (dotted
line), and 0.05 mM (dash-dotted line), at a 3 mm diameter glassy carbon electrode at a
scan rate of 100 mV/s. (From Ref. 68.)

Copyright © 2004 by Marcel Dekker, Inc.



from the reduction of TPrA•� by the larger anodic current contribution from the
oxidation of TPrA• [68].

The mechanism of the second ECL wave follows the classic oxidative
reduction coreactant mechanism [2], where oxidation of TPrA generates a
strongly reducing species TPrA•. Direct evidence for this free radical
intermediate was obtained when the light was quenched upon addition of
nitrobenzene derivatives [67]. This oxidation can occur via a “catalytic route” in
which electrogenerated Ru(bpy)3

3� reacts with TPrA as well as by direct

The “catalytic route” involving homogeneous oxidation of TPrA with
Ru(bpy)3

3� is shown in Scheme 7 [68]. The contribution of this process to the
overall ECL intensity depends upon the Ru(bpy)3

2� concentration and is small
when relatively low concentrations of Ru(bpy)3

2� are used [67].
As summarized in Scheme 8, the excited state of Ru(bpy)3

2� can be
produced via three different routes: (1) Ru(bpy)3

� oxidation by TPrA•� cation
radicals, (2) Ru(bpy)3

3� reduction by TPrA• free radicals, and (3) the Ru(bpy)3
3�

and Ru(bpy)3
� annihilation reaction.

(1) Ru(bpy)3
� � TPrA•�

(2) Ru(bpy)3
3� � TPrA• Ru(bpy)3

2�*

(3) Ru(bpy)3
3� � Ru(bpy)3

�

Scheme 8
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Scheme 7 (From Ref. 68.)

Scheme 6 (From Ref. 68.)

}
Copyright © 2004 by Marcel Dekker, Inc.

reaction of TPrA at the electrode described by both Scheme 5 and Scheme 6 [68].
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The direct oxidation of TPrA at an electrode plays an important role in the
ECL process of the Ru(bpy)3

2�/TPrA system and varies with the electrode
material [65]. At a glassy carbon electrode, this kind of direct oxidation is
evident. At Pt and Au electrodes, however, the formation of surface oxide could
significantly block the direct oxidation of TPrA. As a result, these two types of
electrodes exhibit much weaker ECL emission than that obtained at a glassy
carbon electrode. Small amounts of halide species inhibit the growth of the
surface oxide on Pt and Au electrodes and lead to an obvious increase in the
TPrA oxidation current and hence ECL emission. Additionally, Au electrodes
can be activated by anodic dissolution of Au in halide containing solutions. A
100-fold enhancement in ECL intensity by the addition of 0.10 mM bromide was
reported [65].

The effect of electrode hydrophobicity on TPrA oxidation as well as on the
ECL intensity of this system was also examined [69]. The oxidation rate of TPrA
and hence the ECL intensity were found to be much larger at an electrode
modified with a hydrophobic surface. Similar behavior was observed at Pt and
Au electrodes in the presence of Triton X-100 [69,70] and some other nonionic
surfactants [71]. These results were attributed to the adsorption of neutral TPrA
species on this kind of hydrophobic electrode surface [69,70]. However, an
earlier paper [72] also demonstrated a large increase in Ru(bpy)3

2� ECL with
TPrA coreactant in the presence of three nonionic surfactants including Triton
X-100 at a Pt electrode. The authors ascribed these increases to improved
emission from Ru(bpy)3

2�/surfactant or micelle species.
The ECL intensity for the first and second waves was found to be

proportional to the concentration of both Ru(bpy)3
2� and TPrA species in a very

large dynamic range [63–65,67,68], with limits of detection of 0.5 pM for
Ru(bpy)3

2� [73] and 10 nM for TPrA [23] being reported.

dramatic increases at ~pH � 5.5 and a maximum value at pH 7.5. As revealed

deprotonation reactions of TPrAH� and TPrA•�; however, the maximum ECL
signal is clearly obtained below the pKa of TPrAH� (10.4) [64] but above that
for TPrA•� (~3.3) estimated on the basis of cyclic voltammetric digital
simulations [68]; it is likely that the acidity of TPrA•�, and not the basicity of
TPrA, is most important in determining the pH dependence of ECL [63].
Usually, pH values higher than 9 should not be used, because Ru(bpy)3

3�

generated at the electrode could react with hydroxide ions to produce a
significant ECL background signal [74].

On the basis of the ECL mechanism discussed above, it is evident why
selection of highly efficient coreactants is difficult for the determination of low
concentrations of the Ru(bpy)3

2� label. The coreactant must form both oxidant
(e.g., TPrA•�) and reductant (e.g., TPrA•) with appropriate redox potentials and

Copyright © 2004 by Marcel Dekker, Inc.

The ECL intensity also depends on the solution pH [9,63] (Fig. 17), with

in Schemes 4–7, the solution pH must be sufficiently high to promote the
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Figure 17 Effect of pH on the ECL intensity from the reaction of Ru(bpy)3
2� with

TPrA. (From Ref. 9.)

Figure 18 Structures of (a) 1-thianthrenecarboxylic acid (1-THCOOH) and (b) 2-
thianthrenecarboxylic acid (2-THCOOH).

Copyright © 2004 by Marcel Dekker, Inc.



lifetimes. Thus the deprotonation rate of TPrA•� must be just right to build up
the needed concentrations of both species [68]. Moreover, in the commercial
Origen analyzer (IGEN International, Inc., Gaithersburg, MD), the Ru(bpy)3

2�-
tagged species in an immunoassay are immobilized on 2.8 µm diameter
nontransparent magnetic beads that are brought to an electrode by a magnetic

3
2� on the beads would occur only for

those within electron tunneling distance from the electrode, ~1–2 nm, and its
contribution to the overall ECL intensity should be small or negligible.

In addition to Ru(bpy)3
2�

and aromatic compounds or their derivatives can produce ECL in the presence of
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Figure 19 (a) Emission and (b) cyclic voltammogram of 1	10-5 M DPAS and 0.15 M
TPrA in pH 7.5 sodium phosphate buffer at 6	9 mm Pt gauze (52 mesh) electrode. Scan
rate, 100 mV/s. (c) Cyclic voltammogram of 0.05 M TPrA in pH 7.5 sodium phosphate
buffer at a 1.5 mm diameter Pt electrode. Scan rate, 200 mV/s. (From Ref. 58.)

Copyright © 2004 by Marcel Dekker, Inc.

, many other metal chelate complexes (Chapter 7)

beads participate in the ECL reaction, which can be well explained via Scheme
field. The high sensitivity of the technique suggests that most of the labels on the

4, whereas the direct oxidation of Ru(bpy)
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TPrA as a coreactant upon electrochemical oxidation. For example, the anodic
oxidation of aqueous sodium 9,10-diphenylanthracene-2-sulfonate (DPAS)

in the presence of TPrA in sodium phosphate buffer solutions produce ECL

potential in Figure 20 were attributed to reactions associated with the
homogeneous oxidation of TPrA by 2-TH�COO� and the direct oxidation of
TPrA at the electrode, respectively, because at a much lower 2-THCOOH
concentration only the first emission appears as a small shoulder in the dominant
second emission [58]. For the DPAS/TPrA system, the ECL spectrum is

contrast, the ECL spectra for 1- and 2-THCOOH are dramatically red-shifted

emission arises from a product of THCOOH rather than from the excited state of
the intact acid.

The excited singlet state of DPAS (1DPAS*) was thought to probably be
formed via triplet–triplet annihilation (a T route [75]) [58]. However, the
recently estimated standard potential of the Pr2NC�HEt/TPrA• couple enables

Figure 20 Cyclic voltammogram (bottom) and simultaneous emission (top) of 5.2 mM 2-
THCOOH and 0.15 M TPrA in pH 7.5 sodium phosphate buffer at 6 mm diameter Pt
electrode at a scan rate of 100 mV/s. (From Ref. 58.) The behavior of 1- THCOOH is similar
except that the peak emission intensity is 6–7 times less intense that that of 2-THCOOH [58].

Copyright © 2004 by Marcel Dekker, Inc.

(Fig. 11a) and 1- and 2-thianthrenecarboxylic acid (1- and 2-THCOOH) (Fig. 18)

emission (Figs. 19 and 20) [58]. The two distinct emission peaks as a function of

characteristic of DPAS fluorescence, with peak intensity at 430 nm (Fig. 21). In

from the fluorescence spectra (Fig. 22), suggesting that at least part of the ECL
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one to reconsider this process. Because [58]

DPAS•� � e DPAS E° ≈ �1.3 V vs. SCE
Pr2NC�HEt � e TPrA• E°≈ �1.7 V vs. SCE [76]

(�1.1 V vs. SCE was used [58])
1DPAS* DPAS � hν Es � 2.9 eV

The enthalpy of the electron transfer reaction between DPAS•� and TPrA•,
correcting for an entropy of about 0.1 eV, is �2.9 eV, equal to that needed to
produce 1DPAS*. In considering the fact that the emission intensity for
1	10�5M DPAS is about the same for the DPAS/TPrA oxidation as it is for the
“energy-sufficient” DPAS/S2O8

2� reduction [58], the oxidative DPAS/TPrA
system could be “energy-sufficient” to produce 1DPAS* directly (an S route).

system.

Figure 21 Scaled fluorescence and ECL spectra for a solution of 1	10-5 M DPAS and
0.15 M TPrA in pH 7.5 sodium phosphate buffer. The ECL emission was generated by
repetitively pulsing a 6	9 mm Pt gauze (52 mesh) electrode from 0.0 V (vs SCE, 8 s) to
�1.2 V (2 s) to -1.4 V (2 s) and back to 0.0 V. Light was generated on the positive pulse in
this sequence (the negative pulse was for electrode-cleaning purposes) and was integrated
for 2 min to produce the spectrum. Both peak intensities are at 430 nm. (From Ref. 58.)

Copyright © 2004 by Marcel Dekker, Inc.

Scheme 9 summarizes the possible ECL mechanism of the DPAS/TPrA
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TPrA � e TPrA•�

DPAS � e DPAS•�

DPAS•� � TPrA DPAS � TPrA•�

TPrA•� � H� TPrA•

DPAS•� � TPrA• 1DPAS* � Pr2NC�HEt

DPAS � TPrA• DPAS•� � Pr2NC�HEt

DPAS•� � DPAS•� 1DPAS* � DPAS
1DPAS* DPAS � hv

Scheme 9

Figure 22 Fluorescence and ECL spectra (a) of 9.1 mM 1-THCOOH and (b) 20 mM 2-
THCOOH taken in pH 8.5 sodium phosphate buffer containing 0.15 M TPrA. ECL
emissions were generated by alternately pulsing a 6	9 mm Pt gauze (52 mesh) electrode
between �1.4 (0.5 s) and -0.5 V (2 s) vs. SCE for a duration of 40 min for 1-THCOOH
and 20 min for 2-THCOOH with a stirred solution. The peak fluorescence intensity is at
480 nm for 2-THCOOH and 505 nm for 1-THCOOH. The peak ECL intensities are at 570
nm for both isomers. The intensities have been scaled for comparison; those of the 2-
THCOOH emissions are ~6–7 times those of 1-THCOOH. (From Ref. 58.)

Copyright © 2004 by Marcel Dekker, Inc.



Recently, a sterically hindered water-soluble porphyrin, tetrakis(3-
sulfonatomesityl)porphyrin (H2TSMP) (Fig. 23) was reported to be able to form
stable cation species in aqueous media at pH of ~6.5 after one-electron
electrochemical oxidation (Fig. 24) [77]. The anodic oxidation of H2TSMP in
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Figure 23 Structure of tetrakis(3-sulfonatomesityl)porphyrin (H2TSMP). (From Ref. 77.)

Figure 24 Cyclic voltammograms of 5	10-4 M H2TSMP at pH values of (a) 6.5 and
(b) 2.0. Scan rate � 0.05 V/s. (From Ref. 77.)

Copyright © 2004 by Marcel Dekker, Inc.



the presence of TPrA as a coreactant in aqueous solution produces ECL with
maxima at 640 nm and 700 nm, which were assigned to the emission of the
singlet state H2TSMP* (Fig. 25) [77]. The formation of the excited state
H2TSMP should follow an S route rather than a T route [77] after adopting the
new redox potential for the Pr2NC�HEt/TPrA• couple (E° ≈ �1.7 V vs. SCE
[76]). Presumably, ECL results from a sequence of reactions analogous to those

•�/0/•�/* is replaced by H2TSMP•�/0/•�/*,
although the homogeneous oxidation of TPrA with H2TSMP•� could be
negligible due to the fact that the two redox couples have similar redox potential
values of ~ 0.88 V vs. SEC [68,77]. Similar ECL behavior was observed when
oxalate was used instead of TPrA as a coreactant [77].
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Figure 25 (A) Fluorescence and (B) ECL spectra of 1.0 mM H2TSMP and 0.2 M
Na2SO4 in pH 6.0 buffer solution. The ECL spectrum was obtained by pulsing the Pt
electrode between �1.00 and �0.45 V vs Ag/AgCl at 0.2 Hz, and 50 mM TPrA was added
as coreactant. (From Ref. 77.)

Copyright © 2004 by Marcel Dekker, Inc.

shown in Scheme 9, where DPAS



In addition to solution-phase ECL as described above, in which
both the luminophore and coreactant species are dissolved in a solution, ECL
can be generated from systems in which either the luminophore is
adsorbed/immobilized on the electrode in contact with a coreactant-containing
electrolyte solution [23,61,78–82] or both the luminophore and the coreactant
are encapsulated within a sol-gel matrix [83–86]. Xu and Bard [78] studied the
ECL behavior that results from the anodic oxidation at HOPG (highly oriented
pyrolytic graphite), Au, and Pt electrodes in the presence of TPrA after immer-
sion of the electrodes in Ru(bpy)3

2� solutions followed by thorough washing,
demonstrating that Ru(bpy)3

2� can be strongly adsorbed onto the surfaces of
these electrodes. The ECL of Ru(bpy)3

2� immobilized in Nafion [23,82],
Nafion-silica composite materials [82], silica gels [83–86], benzenesulfonic acid
monolayer film [80], and poly(p-styrenesulfonate)–silica–Triton X-100
composite films [79,81] has been reported, and these systems have been used for
ECL detection of a number of coreactants, including TPrA [23,79–81] and
oxalate [23,79,81]. Solid-state ECL from gel-entrapped Ru(bpy)3

2�/alkylamines
and Ru(bpy)3

2�/oxalate showed that when a microelectrode was used to generate
the ECL the resultant emission was found to be remarkably stable over many
hours, owing to the slow consumption of the coreactant at the small electrode as
well as to the steady-state flux of reagents to the electrode surface [83–85].

a Pt electrode in contact with TPrA/Bu4NBF4 in MeCN solution showed an
orange luminescence [61]. As in the case of ECL generated via oxidative and
reductive pulsing, the ECL of MEH-PPV polymer film in the presence of TPrA
upon oxidation is also believed to be associated with electron and hole

TPrA• (also formed at the Pt electrode) serves as a reductant strong enough to
inject electrons into the conduction band, which leads to electron and hole
annihilation and hence ECL (Fig. 26).

More recently, the ECL behavior of the aqueous Ru(bpy)3
2�/TPrA system

was studied at an as-deposited diamond electrode [87]. The anodic potential
window for ECL at this kind of diamond electrode was found to be very wide
and had a potential limit of 2.5 V vs. Ag/AgCl. Also, the ECL response was
found to be extremely stable over potential cycling, which was attributed to the
low degree of adsorption of the reaction products on the diamond surface.

2. Other Amine-Related Systems

Similar to the case of TPrA, a wide range of amine compounds can be used as
coreactants and take part in ECL reactions with Ru(bpy)3

2� [4–12,88–93]. Several
workers [5,8,9,62,63,88] have tried to correlate the coreactant efficiency with the
amine structure. Although there are no strict rules governing ECL activity in
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The anodic oxidation of MEH-PPV polymer film (Fig. 15) immobilized on

annihilation (Fig. 26). The Pt electrode serves as the hole injector (Fig. 26) while



244 Miao and Choi

amines, as a general rule the ECL intensity increases in the order primary
� secondary � tertiary amines, with tertiary amines having the lowest detection
limits [62,63]. The ECL intensity of primary amines can be improved by prior
derivatization with divinylsulfone, (CH2CH)2SO2, to form cyclic tertiary amines

should have a hydrogen atom attached to the α-carbon, so that upon oxidation newly
formed radical cation species can undergo a deprotonation process to form a
strongly reducing free radical species. Also, the nature of substituents attached to
nitrogen or α-carbon on an amine molecule can affect the ECL activity [9]. In

Figure 26
trode via (a) oxidative and (b) reductive pulsing and (c) oxidation in the presence of TPrA
(TPAH). (a) Oxidation of polymer (hole injection) at polymer/electrode surface and subse-
quent insertion of electrolyte anions. (b) Reduction of polymer (electron injection) at polymer/
electrode surface and subsequent insertion of electrolyte cations. (c) Simultaneous oxidation
of MEH-PPV on Pt surface to form holes and the oxidation of TPrA (TPAH) to TPrA• (TPA•).
(d) Luminescence resulting from the annihilation of holes and electrons. (From Ref. 61.)

Copyright © 2004 by Marcel Dekker, Inc.

Schematic of ECL from MEH-PPV polymer (See Fig. 15) coated on Pt elec-

that then act as efficient coreactants [94]. As shown in Schemes 4–7, the amine
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general, electron-withdrawing substituents, such as carbonyl, halogen, or hydroxyl
groups, tend to cause a reduction of ECL activity, probably by making the lone pair
of electrons on nitrogen less available for reaction [5], or by destabilizing the radical
intermediates. Electron-donating groups such as alkyl chains have the opposite effect.
Aromatic amines, aromatic substituted amines, and amines with a carbon–carbon
double bond that can conjugate the radical intermediates consistently give a very low
ECL response. This may be due to mesomeric or resonance stabilization of the radical
intermediates, resulting in radicals that are less active toward the Ru(bpy)3

3� and
hence hinder the ECL reaction. Note that aromatic amines may also quench the
emission of the Ru(bpy)3

2�* complex, further reducing the ability of these
compounds to give an ECL response [95]. Amines with a structure that inhibits the
adoption of a more planar molecular geometry after electro-oxidation, such as
quinuclidine and quinine, also hinder the formation of the nitrogen radical and hence
tend to show lower ECL intensities than other amines that are able to tend toward a
trigonal planar geometry, resulting in effective delocalization of charge. Furthermore,
amines that have other functional groups that are more readily oxidized than the
nitrogen atom may take part in alternative, ultimately non chemiluminescent,
reactions. Finally, a linear correlation between the logarithm of the ECL signal and the
first ionization potential of the amine [62] and a number of lupin alkaloids [91] was
reported. In general, the ionization potentials of the alkylamines can be ordered
primary � secondary � tertiary amines, which is inversely related to the order of the
amine ECL signals. That is, the higher the ionization potential, the lower the ECL
intensity. Clearly, these results are consistent with the proposed ECL mechanism, in
which electrons are transferred from the amine to the electrode or Ru(bpy)3

3� species.
The ionization potential of the amine is expected to be linearly proportional to the free
energy change of the electron transfer reaction [96,97], and this free energy change is
inversely proportional to the logarithm of the rate constant for the electron transfer
[98,99], which is essentially directly related to the ECL intensity.

The interference of metal ions with Ru(bpy)3
2� ECL intensity was recently

investigated when ethylenediaminetetraacetate (EDTA), a ditertiary amine
compound, was used as a coreactant [90]. Fifteen metal ions were examined: Mg2�,
Ca2�, Ce3�, Nd3�, Sm3�, La3�, Al3�, Y3�, Fe2�, Co2�, Ni2�, Cu2�, Zn2�, Cd2�,
and Pb2�. Metal ions that are preferentially bound to the oxygen atoms of EDTA
(MIO, from Mg2� to Y3�) were found to have a negligible effect on the intensity of
ECL except for Al3� and Y3�, whereas metal ions that are preferentially bound to
the nitrogen atoms of EDTA (MIN, from Fe2� to Pb2�) can significantly reduce the
ECL signal. This is because the tertiary amines of EDTA can react with MIN and
Al3�, Y3� ions to form stable complexes that are difficult to oxidize by
electrogenerated Ru(bpy)3

3� or to be directly oxidized at the electrode [100–102].
There are many applications for ECL assays for amines because amine

groups are prevalent in numerous biologically and pharmacologically important
compounds and because amines absorb weakly in the UV/visible spectrum. A
number of reviews have been recently published regarding these analytes [4–12].

Copyright © 2004 by Marcel Dekker, Inc.
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Because the reduced form of nicotinamide adenine dinucleotide (NADH) or
the phosphate NADPH contains a tertiary amine functional group, NAD(P)H can be
used as a coreactant for Ru(bpy)3

2�. However, in its oxidized form (NAD� or
NADP�) this group has been converted to an aromatic secondary amine (Fig. 27),
which gives virtually no ECL response [23,103], probably because of the resonance
stabilization effect of the radical intermediates [5,9]. The ECL mechanism involving
NADH and Ru(bpy)3

2� is similar to that of the Ru(bpy)3
2�/TPrA system and is

NADH or NADPH in enzymatic reactions can be directly monitored by Ru(bpy)3
2�

catalyzed reactions, which results in stoichiometric formation of NADH [104]
(Scheme 10). Other examples include the assays of ethanol, bicarbonate, and
glucose phosphate dehydrogenase [104,105].

Glucose � ATP Hexokinase glucose-6-phosphate � ADP

Glucose-6-phosphate � NAD� G-6-P Dehydrogenase 6-phosphogluconate �
H� � NADH

NADH � Ru(bpy)3
2� Oxidizing electrode ECL

Scheme 10 Schematic of reactions used to measure glucose by ECL. NADH,
which is produced enzymatically, is used as a coreactant for Ru(bpy)3

2� ECL.

act as the amine-containing coreactant in the ECL reaction with Ru(bpy)3
2�

[106,107]. β-Lactamase-catalyzed hydrolysis of penicillin G forms a molecule
with a secondary amine that causes dramatic changes in the ability of the
antibiotic to promote Ru(bpy)3

2� light emission, permitting sensitive detection
and quantification of β-lactams and β-lactamases. The efficiency of the ECL
process can be further increased by direct covalent attachment of the β-lactamase
substrate to a Ru(bpy)3

2� derivative [106].

Figure 27 Structures of NAD� and NADH showing the part of the molecule where
reversible reduction occurs, changing the ECL reactivity. (From Ref. 5.)

Copyright © 2004 by Marcel Dekker, Inc.

illustrated in Fig. 28 [104]. Thus, species (substrates) that produce or consume

ECL (Fig. 29). For example, glucose was quantified by coupling two enzyme-

β-Lactam antibiotics, such as penicillin G shown in Scheme 11, can also
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Figure 28 Proposed ECL reaction involving NADH and Ru(bpy)3
2�. NADH and

Ru(bpy)3
2� are both oxidized at the surface of an electrode. The one-electron oxidized

cation radical NADH•� loses a proton to become a strongly reducing radical, NAD•. NAD•

then transfers an electron to Ru(bpy)3
3� to form NAD� and the unstable excited state

species, Ru(bpy)3
2�*, which emits a photon when it decays to the ground state,

Ru(bpy)3
2�. Notably, the ECL reaction results in reformation of the functional reagents

NAD� and Ru(bpy)3
2�. (From Ref. 104.)

Figure 29 Enzymatic detection using Ru(bpy)3
2� ECL. NADH or NADPH is produced

during a highly specific enzymatic reaction and detected with Ru(bpy)3
2� (From Ref. 10.)

Copyright © 2004 by Marcel Dekker, Inc.



Amino acids and peptides are all amine-containing compounds, therefore,
they can be used as coreactants and detected by Ru(bpy)3

2� ECL [66,108–111]. The
ECL intensity of the reaction is very dependent on the media pH, with the optimum
signal-to-noise ratio being obtained when the amino acid is buffered at ~pH 10
using a 0.05 M boric acid buffer [108]. These pH values are higher than the N-
terminal amino group pKa of the amino acid, suggesting that the deprotonation at
the amine site prior to oxidation is a very important process. Background reactions
between Ru(bpy)3

3� and hydroxide ions at such a high pH range have been
observed to be less pH-dependent and do not limit amino acid detection [108]. The
ECL mechanism of the amino acid/Ru(bpy)3

2� system is similar to that for
TPrA/Ru(bpy)3

2�

acids react to yield ECL with the same efficiency [108,109,111]. Proline, the only
secondary amine among all the amino acids studied (Fig. 30), gave the highest ECL
signal. These data are consistent with the finding described previously that the ECL
efficiency of amines follows the order primary � secondary � tertiary amines and
that electron-withdrawing R groups (i.e., alcohols, serine, and threonine) tend to
decrease ECL whereas electron-donating R groups (i.e., alkyl side chains, leucine,
and valine) tend to enhance ECL.
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Scheme 11 Enzymatic hydrolysis of penicillin G by β-lactamase generates a coreactant
that can be used to produce ECL from Ru(bpy)3

2�.

Figure 30 (a) Proline. (b) Common amino acids other than proline.

Copyright © 2004 by Marcel Dekker, Inc.

and can be described as shown in Scheme 12 [108]. Not all amino



H3N�CHRCOO� � OH� H2NCHRCOO� � H2O

H2NCHRCOO� � Ru(bpy)3
3� H2N•�CHRCOO� � Ru(bpy)3

2�

H2N•�CHRCOO� H2NC•RCOO� � H�

H2NC•RCOO� � Ru(bpy)3
3� HN�CRCOO� �

Ru(bpy)3
2�* � H�

HN�CRCOO� � H2O RCOCOO� � NH3

Ru(bpy)3
2�* Ru(bpy)3

2� � hv

Scheme 12

D. Miscellaneous Systems

1. Pyruvate and Other Organic Acids or Salts

As in the case of oxalate described in Section II. A, the oxidation of pyruvate is
suppressed by the presence of an oxide layer on the Pt electrode surface [2].
Because the oxidation potentials for pyruvate and Ru(bpy)3

2� are almost identical
at a reduced Pt electrode, the Ru(bpy)3

3� produced electrochemically is
insufficiently strong to oxidize the pyruvate in solution, and consequently there is
no ECL generated. However, after addition of Ce(III) to an acidic solution
containing Ru(bpy)3

2� and pyruvate, the ECL reaction proceeds upon anodic
oxidation, because Ce(IV) produced from the oxidation of Ce(III) at the Pt electrode
at higher potentials than Ru(bpy)3

2� oxidation is a strong oxidant and can oxidize
pyruvate. This reacts to form the strongly reducing intermediate CH3CO• [2]. This
species behaves like CO2

•� and participates in electron transfer reactions with
Ru(bpy)3

3� and Ru(bpy)3
2�

The reaction mechanism of this system is summarized in Scheme 13.

Scheme 13

Many organic acids and salts, particularly those of the form
RCH(OH)COOH, such as lactic acid, citric acid, and tartaric acid, can also
generate ECL much as pyruvate does in acidic conditions [2,112].
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, as shown in Scheme 1 for oxalate, to produce ECL.
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In the absence of Ce(III), ECL was also observed upon the electrochemical
oxidation of Ru(bpy)3

2� and a number of organic acids in close to neutral [113]
and strongly alkaline solutions [114,115]. However, in these cases, the role of the
OH� ion in the ECL reaction mechanism appears to be crucial [114,115]. For citric
acid, tartaric acid, malic acid, and D-gluconic acid, ECL emission (Fig. 31) resulted
mainly from the reaction between alkoxide radical and Ru(bpy)3

3� in the potential
range of 1.3–1.8 V vs. Ag/AgCl, as– illustrated in Scheme 14 [114]. At higher
potentials, the ECL mechanism is very complicated and could involve a number of
high-energy agents such as CO2

•�, OH•, O•�, •CHO, and HCOO•� [114].

Ru(bpy)3
2� � e Ru(bpy)3

3�

RCOH � OH� RCO� � H2O

RCO� � e RCO•

RCO• � Ru(bpy)3
3� Ru(bpy)3

2�* � RCOO�

2OH� � RCO• � Ru(bpy)3
3� Ru(bpy)3

2�* � RCOO� � H2O

Ru(bpy)3
2�* Ru(bpy)3

2� � hν

R � –(CH2COOH)2COOH

Scheme 14

Figure 31 ECL intensity vs. applied potential profiles for (1) D-gluconic acid, (2)
tartaric acid, (3) malic acid, and (4) citric acid. Carrier solution, 1.0 mM Ru(bpy)3

2�,
0.1 M KOH, 0.1 M KF; flow rate, 0.35 mL/min; concentration of each acid, 50 µM;
injection volume, 10 µL. (From Ref. 114.)

Copyright © 2004 by Marcel Dekker, Inc.
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For the ascorbic acid/dehydroascorbic acid–Ru(bpy)3
2� system, Zorzi et al.

[115] reported that the maximum light emission is at pH 10 and the ECL reaction
between Ru(bpy)3

3� and the analyte does not occur significantly at pH values
lower than 8, which is different from the reported of Chen et al. [113], who
observed the maximum emission at pH 7. Zorzi et al. also pointed out that the real
active coreactant species is dehydroascorbic acid or its related species and not
ascorbic acid. The ECL reaction sequence could include the very reactive OH•

species produced from the reaction between Ru(bpy)3
3� and OH� ions as well as

an intermediate associated with dehydroascorbic acid and OH• radicals [115].

2. Alcohols

In aqueous alkaline solutions (pH ≥ 10), anodic oxidation of alcohols or
Ru(bpy)3

2� can generate weak ECL signals, presumably due to the formation of
the excited state RCHO* [116–121] and the reaction between electrogenerated
Ru(bpy)3

3� and hydroxyl ions [74], respectively. The ECL intensity was
significantly enhanced after addition of the alcohols to Ru(bpy)3

2� alkaline

radical, RCH2O•, generated by oxidation of the alcohols was proposed to be the
reducing agent that reacts with electrogenerated Ru(bpy)3

3� to form excited state
Ru(bpy)3

2�* species. Scheme 15 summarizes the ECL mechanism of this
system. The ECL intensity was found to be related to the alcohol structure [120].
Monohydric alcohols with shorter alkyl chain lengths produced stronger
luminescence, and polyhydric alcohols generated increasing ECL intensities
with increasing numbers of hydroxyl groups. Adjacent hydroxyl groups
produced weaker ECL than separated hydroxyl groups.

Ru(bpy)3
2� � e Ru(bpy)3

3�

RCH2OH � OH� RCH2O� � H2O

RCH2O� � e RCH2O•

RCH2O• � OH� RCH2O� � H2O

2RCH2O• RCHO* � RCH2OH

RCHO* RCHO � hν (λmax ~550 nm, weak)

RCHO� � 3OH� � 3e RCOO� � H2O

4OH� � RCH2O• � 3 Ru(bpy)3
3 �RCOO� � 3Ru(bpy)3

2�* �
3H2O

Ru(bpy)3
2�* Ru(bpy)3

2� � hν (λmax ~608 nm)

Scheme 15
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solutions upon electrochemical oxidation [119–121] (Fig. 32). The alkoxy



3. Hydrazine

Although numerous studies of hydrazine-related chemiluminescence have been
reported, few papers have dealt with hydrazine as an ECL coreactant [122–124].
As proposed by Hercules and Lytle [125,126], the mechanism for CL reactions
between Ru(bpy)3

3� and hydrazine is complicated; a number of high- energy
intermediates such as N2H3

• and N2H2, and even HO2
• and OH•, may be involved

intensity and Ru(bpy)3
2� vs. time profiles well with the data obtained from digital

simulations at low concentrations [Ru(bpy)3
3� ~ 0.5 mM; N2H4 ~ 25 mM]. At

higher hydrazine concentrations a qualitative fit was also observed. The kinetic
data indicated that the reactions between Ru(bpy)3

3� and N2H4 and between
Ru(bpy)3

3� and N2H2 are about 1% and about 99% efficient, respectively [126].
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Figure 32 Cyclic voltammograms (A) and ECL intensity–potential profile curves (B)
obtained at a glassy carbon electrode at a scan rate of 50 mV/s (reference electrode
Ag/AgCl). (A) (a) 0.5 mM Ru(bpy)3

2� � electrolyte; (b) 50 mM methanol � electrolyte
(---, electrolyte only); (c) 50 mM 1-propanol � electrolyte; (d) 50 mM 1-pentanol �
electrolyte. (B)o(a′) 50 µM Ru(bpy)3

2� � electrolyte, (b′) 10 mM methanol � a′, (c′)
10 mM 1-propanol � a′, and (d′) 10 mM 1-pentanol � a′. Electrolyte: 0.20 M KOH-
KCl, pH 12.0. (From Ref. 120.)

Copyright © 2004 by Marcel Dekker, Inc.

in it [115,125–127]. On the basis of the postulated CL reaction sequence (Scheme
16), Hercules and Lytle [125,126] were able to fit the experimentally observed CL
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Ru(bpy)3
3� � N2H4 Ru(bpy)3

2�* � N2H3
•

2N2H3
• N2 � NH3

Ru(bpy)3
3� � N2H3

• N2H2 � Ru(bpy)3
2�

Ru(bpy)3
3� � N2H2 Ru(bpy)3

2�* � N2

Ru(bpy)3
2�* Ru(bpy)3

2� � hv

Scheme 16

Both ex situ and in situ, electrochemically generated Ru(bpy)3
3� has been

found to be a suitable reagent for the sensitive detection of gas-phase hydrazine
and its derivatives dimethyl hydrazine and monomethyl hydrazine at pH ~6–7
[122]. Hydrazine can also be sensitively detected on the basis of the
hydrazine–luminol ECL system upon the anodic oxidation at a preanodized Pt
electrode [123]. The preanodized Pt electrode was found to have an
electrocatalytic function for hydrazine oxidation. In this system, hydrazine is
first oxidized at the preanodized Pt electrode (~0.25 V vs. SCE), and the electro-
oxidation product of hydrazine, possibly a hydrazine radical, is produced in the
diffusion layer of the electrode. Then this strongly reducing radical further
reduces the dissolved oxygen in the solution to generate a superoxide anion
radical. Finally, the reaction of the superoxide anion radical with the luminol
present in the solution causes the emission of a strong light [123].

4. Oxygen

In the presence of oxygen, ECL was observed upon the reduction of bis(2,4,6-
trischlorophenyl) oxalate (TCPO) solutions containing a fluorescer compound
[DPA, rubrene, or Ru(bpy)3

2�] at potentials corresponding to TCPO and O2

reduction, where the ECL spectrum is typical of the fluorescer [128]. It was
proposed that the electrochemical reduction products, TCPO•� and O2

•�, at a Pt
electrode in MeCN/benzene (2:1 v/v) solutions can rapidly react and form an
intermediate, probably dioxetane, that reacts with the fluorescer to yield an
excited state of the emitter and CO2

generation it is the fluorescer itself and not its radical anion that is involved in
the ECL reaction. Actually, at potentials where the radical anion (e.g., DPA•�)
is produced, the ECL intensity decreases [128].

The effect of oxygen on the ECL of the ruthenium trisbipyridyl–viologen
complexes has been recently reported [129]. The light emission observed
previously [130] was found, in fact, to be from decomposition products formed
during the ECL experiments in the presence of trace amounts of oxygen.

Another example of ECL resulting from the decomposition product due to
an oxygen effect in the course of the ECL experiment was reported by Okajima

Copyright © 2004 by Marcel Dekker, Inc.

(Scheme 17). Note that in the course of ECL
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et al [131]. In this case, significant light emission was observed only on the
reverse scan of the cyclic voltammetric experiment for the reduction of 3-

experimentally measured ECL spectrum in MeCN (λmax ~475 nm) was similar to
the fluorescence spectrum observed for o-formamidoacetophenone anion in
DMSO solution (λmax ~490 nm) [132], but not close to the fluorescence spectrum
of 3-MIH in an air-saturated MeCN solution containing 0.1 M TEAP (λmax ~343

Previously, Okajima et al. [133,134] had observed the ECL of the MCLA

behavior of 3-MIH described above, this system can produce light upon the
electroreduction of O2 and MCLA and also on the reverse scan, when MCLA� is

Scheme 17

Copyright © 2004 by Marcel Dekker, Inc.

methylindole (3-MIH) in air- saturated MeCN solutions (Fig. 33). The

electrode in air-saturated MeCN solutions (Fig. 34). In contrast to the ECL

nm). The proposed ECL mechanism of this system is shown in Scheme 18.

(a Cypridina luciferin analog, Scheme 19) at a basal plane pyrolytic graphite
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believed to be mainly oxidized by O2 regenerated at the electrode from O2
� to

MCLA•. Direct oxidation of MCLA� at the electrode occurs at ~ -0.25 V vs.

of this system.
Cathodic ECL of Ru(bpy)3

2� was recently reported at a glassy carbon
electrode in aqueous solutions containing traditional alkylamine or organic
acid coreactant in the presence of oxygen [135]. The ECL appears upon the
electroreduction of oxygen at potentials of approximately �0.4 V vs.
Ag/AgCl. Although the exact mechanism of this kind of ECL is still unclear,
it is believed that a “reactive oxygen species” such as O2

•�, H2O2, or OH•

generated after oxygen reduction may play an important role during this
process.

Scheme 18

Copyright © 2004 by Marcel Dekker, Inc.

Ag/AgCl [Fig. 34a(4)]. Scheme 19 shows the proposed ECL reaction sequence
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5. Peroxide Systems

Peroxides can be used as coreactants because they produce reactive oxidizing
agents when they are reduced. The reactivity of the produced oxidizing agents
strongly depends on the electron density of the oxygen–oxygen (O–O) bond.
Usually, peroxides with a low electron density on the O–O bond produce strong
reactive oxidizing agents. Because the electron density is strongly affected by the
functional groups attached to the O–O bond, oxidizing agents generated from
peroxides that contain electron-withdrawing groups are more reactive than those
formed from peroxides with electron-donating groups.

Scheme 19 (From Ref. 133.)

Copyright © 2004 by Marcel Dekker, Inc.



as an oxidizing agent to generate CL. For example, Chandross and Sonntag [136]
demonstrated the generation of chemiluminescence by mixing DPA

.� and BPO.
The proposed CL mechanism is as shown in Scheme 20.

DPA•� � BPO DPA � BPO•�

BPO•� C6H5CO2
� � C6H5CO2

•

DPA•� � C6H5CO2
• 1DPA* � C6H5CO2

�

Scheme 20
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Figure 33 (A) Cyclic voltammograms and (B) light emission (λmax ~475 nm) vs.
potential profiles recorded simultaneously during the reduction of oxygen (E°O2/O2

•� ~
�0.86 V vs. Ag/AgCl) at a basal plane pyrolytic graphite electrode (area ~0.08 cm2) in
air-saturated MeCN solutions containing 0.1 M TEAP in the presence of (a) 0.5, (b) 1.7,
and (c) 5.0 mM 3-MIH. Scan rate � 50 mV/s. (From Ref. 131.)

Copyright © 2004 by Marcel Dekker, Inc.

Benzoyl peroxide (BPO) (Fig. 35) is a good coreactant and has been used
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Likewise, BPO can be electrochemically reduced via an overall two-electron
•� at the

electrode by accepting one electron, and then this newly formed BPO•� species

Figure 34 (a) Typical cyclic voltammograms and (b) light emission vs
potential profiles (λmax ~470 nm) obtained during the redox reaction of the
O2/O2

� couple at basal plane pyrolytic graphite electrodes in (1,3,4) air-saturated
and (2) N2-saturated MeCN solutions containing 0.1 M TEAP (2,3,4) in the
presence of and (1) in the absence of 0.41 mM MCLA. The scan rate used for 1–3
is 50 mV/s and for 4, 500 mV/s. (From Ref. 133.)

Copyright © 2004 by Marcel Dekker, Inc.

ECL reaction as shown in Scheme 21. BPO is first reduced to BPO
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immediately decomposes to benzoate anion and benzoate radical. The benzoate
radical can be further reduced to benzoate anion by one electron.

BPO � e BPO•�

BPO•� C6H5CO2
� � C6H5CO2

•

C6H5CO2
• � e C6H5CO2

�

or BPO � 2e 2C6H5CO2
�

Scheme 21

The benzoate radical formed is energetic enough to react with some cation
radicals to form the excited states, because the redox potential value for the
C6H5CO2

•/C6H5CO2
� couple (� �1.5 V vs. SCE) [136], which was estimated

by using the CL reaction enthalpy of the emitter with benzoyl peroxide and the
excited singlet state energy of an emitter, is quite positive. Akins and Coworkers
[137,138] also demonstrated that ECL of various aromatic hydrocarbons, such as
9,10-DPA, rubrene, fluoranthene, and anthracene, can be generated in the
presence of benzoyl peroxide after the electrode is brought to a potential of

the ECL mechanism proposed by Akins and coworkers was considered to be
energy-deficient (Scheme 22).

R � e R•�

BPO � ne products

R•� � BPO R � BPO•�

BPO•� C6H5CO2
� � C6H5CO2

•

R•� � C6H5CO2
• 3R* � C6H5CO2

�

3R* � 3R* 1R* � R
3R* � BPO R•� � BPO•�

3R* � C6H5CO2
• R•� � C6H5CO2

�

R•� � R•� 1R* � R
1R* R � hv

R � aromatic hydrocarbons.

Scheme 22

The excited singlet state is produced by the triplet–triplet annihilation as
well as by some anion–cation annihilation, where the cation is formed via a
triplet quenching reaction. When the BPO concentration is relatively high

Copyright © 2004 by Marcel Dekker, Inc.

�1.90 V vs. SCE (Fig. 36). In contrast to the mechanism shown in Scheme 20,



260 Miao and Choi

Figure 35 Molecular structure of benzoyl peroxide.

Figure 36 Chemiluminescence from systems of electrogenerated aromatic hydrocarbon
anions and benzoyl peroxide (BPO). In all cases the supporting electrolyte used was
tetraethylammonium perchlorate (TEAP) with N,N-dimethyl formamide (DMF) as the
solvent. (a) 0.88 mM DPA and 1.3 mM BPO in DMF containing 0.1 M TEAP: potentiostated
at �1.9 V vs. SCE, slit width 700 µm and RC time constant (TC) 7.5 s; (b) 0.43 mM rubrene
and 0.41 mM BPO in 0.1 M TEAP in DMF: potentiostated at �1.4 V vs. SCE, slit width 500
µm, and TC � 14.7 s; (c) 1.06 mM fluoranthene and 4.2 mM BPO in 0.1 M TEAP in DMF:
potentiostated at –1.9 V vs. SCE, slit width 1 mm, TC � 14.7 s; and (d) 1.0 mM anthracene
and 1 mM BPO in 0.1 M TEAP in DMF. All wavelengths in nanometers. Inserts show
fluorescence spectra, generally at higher resolution. (From Ref. 137.)

Copyright © 2004 by Marcel Dekker, Inc.



compared to that of aromatic hydrocarbons, the rate of the triplet quenching
reaction ultimately becomes fast and the generation of cation species is
predominant over the triplet–triplet annihilation. In this case, ECL is generated
mainly through the anion–cation annihilation reaction. On the basis of this
consideration, these authors [137,138] claimed that a redox potential value of
�0.8 V vs. SCE for the C6H5CO2/C6H5CO2

� couple would be energetic enough
to produce ECL.

Hydrogen peroxide has also been used to generate light. Its
electrochemical reduction is considered to be a two-step EE process [45]:

H2O2 � e OH� � OH•

OH• � e OH�

During the electrochemical reduction process, H2O2 produces a very strong
oxidizing agent, hydroxyl radical, which has a redox potential value of �2.7 V
vs SEC [45]. Because hydroxyl radicals undergo not only an energetic electron
transfer reaction but also a chemical reaction to form adduct species, most ECL
reactions involving H2O2 can, in fact, include decomposition reactions of
hydroxyl radical adducts. The decomposition products can then produce
luminescence [10,139,140]. Because the related mechanism is beyond our
current coreactant concept, we do not discuss the details here. However, it is
worthwhile to point out that H2O2 could be a promising cathodic ECL
coreactant, because hydroxyl radical has such a high positive potential.

III. CONCLUSIONS

As we have seen in the previous sections, coreactant ECL does not require the
generation of both oxidized and reduced forms of a luminophore. This can be a
significant advantage, e.g., in analysis, compared to ECL produced via the
annihilation reaction. First, the use of a coreactant can make ECL possible even
for some fluorescent compounds that have only a reversible electrochemical
reduction or oxidation. Second, even with solvents for ECL that have a narrow
potential window so that only a reduced or oxidized form of a luminophore can
be produced, it is still possible to generate ECL by use of a coreactant. Finally,
when the annihilation reaction between oxidized and reduced species is not
efficient, the use of a coreactant may produce more intense ECL.

To be a good coreactant candidate, the following criteria are generally
required:

1. Solubility. The coreactant should be reasonably soluble in the
reaction media, because the ECL intensity is generally proportional to
the concentration of the coreactants.

Coreactants 261
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2. Stability. The intermediate species generated electrochemically and
chemically should be sufficiently stable to allow appreciable reaction
with the ECL precursor.

3. Electrochemical Properties. The coreactant should be easily oxidized
or reduced with the luminophore species at or near the electrode and
undergo a rapid chemical reaction to form an intermediate that has
sufficient reducing or oxidizing energy to react with the oxidized or
reduced luminophore to form the excited state.

4. Kinetics. The reaction rate between the intermediate and the oxidized
or reduced luminophore species must be rapid [88].

5. Quenching Effect. The coreactant and its redox products should not
be good quenchers of the ECL compound’s luminescence [88].

6. ECL Background. The coreactant itself should not give any ECL
signal over the potential range scanned.
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I. INTRODUCTION

There have been several reviews of organic ECL [1–6]. Although current
research in organic ECL continues to unravel the fundamentals of these light-
emitting processes, much of the modern interest lies in using ECL systems for
such applications as developing light-emitting devices and allowing sensitive
detection [7–10]. However, the development of these applications of organic
ECL systems requires a thorough understanding of the variables that contribute
to ECL emission. Toward this end, we provide a summary of the parameters
necessary for organic ECL. In addition, we have tabulated important characteris-
tics of the most common organic ECL systems.

Two types of organic ECL systems can be described. In the first, termed
single systems, the annihilating radical ions have the same neutral precursor. The
second type, termed mixed systems, involves annihilating radical ions that have

theoretically are considered first.

II. REQUIREMENTS FOR FORMING EXCITED STATES FROM
SINGLE SYSTEMS

A. Electrochemistry

The first requirement for successful ECL with single systems is the generation of
both a radical anion and a radical cation from the same parent (R) at an electrode
surface:
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different precursors (see Chapter 1). Single systems are simpler to understand



R– e– → R+� (1)

R+ e– → R–� (2)

Therefore, parent species in this type of reaction must undergo both oxidation and
reduction within the potential range that is accessible in the solvent employed.

Once formed, the radical ions must be sufficiently long-lived to allow them
to diffuse, encounter each other, and undergo homogeneous electron transfer. By
their very nature, radical ions are reactive species and can undergo a variety of reac-
tions in addition to the annihilation reaction that leads to light production. Radical
cations are acidic and subject to nucleophilic attack. Radical anions tend to be more
stable but can react with available proton donors, including the solvent or trace
water they contain. Even the neutral ECL molecule (R) can be vulnerable to attack
from the radical ions, quenching the ECL emission [11,12]. The chemically inert
nature of aprotic solvents such as acetonitrile, butyronitrile, and dimethoxyethane
minimizes these unwanted reactions. For optimal results, the solvents should be
purified and dried [13]. Of course, the lifetime required for the radical species
depends on the time scale of observation. When reagents are generated and react
on a microsecond time scale, the requirements for a long-lived radical ion are
considerably less than when operating on a time scale of seconds [14]. Before
undertaking an ECL experiment, it is important to evaluate the radical ion stability
with an electrochemical technique. Typically cyclic voltammetry is employed
because it allows simultaneous evaluation of the stability and the E1/2 values.

B. Excited States

Molecules of interest for single-system ECL must also have accessible electronic
excited states. Following heterogeneous formation, the radical ions diffuse
together to form an encounter complex:

R+� + R–� → [R+� + R–�] (3)

Homogeneous electron transfer within this encounter complex yields two neutral
molecules:

[R+� + R–�] → [1R* + R] (4a)

[R+� + R–�] → [3R* + R] (4b)

[R+� + R–�] → [2R] (4c)

The driving force for ground-state formation [reaction (4c)] is large, and this

energetically accessible, excited state formation dominates [reactions (4a) and
(4b)]. The type and number of excited states that are formed determine the
amount of ECL observed. Although most organic molecules do not emit directly
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pathway typically lies in the Marcus inverted region (Chapter 4). Thus when



from triplet excited states, triplet–triplet annihilation can often provide an indi-

used to probe the reaction mechanism for excited state formation, including
magnetic field effects [15], addition of triplet quenchers [16], and the reaction

The free energy for the formation of excited states from radical ion annihi-
lation within the encounter complex (∆Gs and ∆Gt for formation of singlets and
triplets) can be calculated [18–23]:

∆G = (E°R/R–� – E°R/R+�) + E0,0 – wa,u (5)

where E°R/R–� and E°R/R+� represent the formal potentials for radical ion forma-
tion, E0,0 is the excited state energy (ES for a singlet, ET for a triplet), and wa,u is
the work required to form the encounter complex from the electrochemically
generated radical ions. The work term, which is primarily Coulombic, is affected
by electrostatic screening from electrolyte in solution and can be calculated from
Debye–Hückel theory [22–24],

(6)

Here, z indicates the charge of the radical ions, e is the charge on an electron, ∈
is the static dielectric constant, a is the separation between the ions in the
encounter complex, r is the radius of the radical ion and associated counter ion
[Eq. (6) is appropriate only for rR+� = rR–�], µ is the ionic strength, and

(7)

where N is Avogadro’s number, kB is Boltzmann’s constant, and T is temperature.
The radius r can be calculated from the Stokes–Einstein relation

(8)

where D is the diffusion coefficient and η is the solution viscosity. However,
when electrolyte concentration is high, as in most electrochemical experiments,
the effect of the work term wa,u is negligible [22], and Eq. (5) yields a simple
comparison between the separation in formal potentials (∆E°) and the excited
state energy (E0,0), which can be used to predict the reaction mechanism [17].
Systems where ∆Gs < 0 are said to be “energy-sufficient,” while systems with
∆Gs > 0 are called “energy-insufficient.” Because excited singlets are relatively
stable and can emit directly whereas excited triplets can be quenched by radicals
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rect pathway to emissive singlets (Chapter 3). A variety of methods have been

order dependencies [17] (Chapter 4).



and typically must undergo triplet–triplet annihilation to yield emission, energy-
sufficient systems proceed predominantly via singlet formation [reactions
(3)–(4a)]. Energy-deficient systems produce ECL via formation of excited triplet
[reactions (3)–(4b)] and triplet–triplet annihilation.

Calculation of ∆G is also important in predicting the kinetics of electron
transfer [reaction (4)]. The apparent electron transfer rate constant k′et,s can be
determined by using the Arrhenius–Eyring equation [18,20,23,25]

(9)

where Z is the liquid-phase collision number, ∆G* is the free energy of activation,
kB is Boltzmann’s constant, and T is temperature. ∆G* can be related to ∆G by
simple Marcus theory [18,20,23,25]:

(10)

where λ is is the reorganizational energy required for the electron transfer. Thus
the kinetics for electron transfer to form the excited states singlet, triplet, or
ground state (k′et,s, k′et,t, and k′et,g, respectively) can be calculated and compared.
However, these rates must be corrected to account for the spin distribution of the
radical ions. The annihilation of radical ion doublets, for example, gives rise to
four possible electron-pairing arrangements, one indicating a singlet product and
three indicating triplet degeneracy [7,20,23,26]. Thus, the efficiency of excited
singlet state formation, φs, would be calculated [20] as

(11)

and a comparable equation could be written for φt. In energy-sufficient systems
where emission is predominantly from the formation of excited singlets, the ECL
efficiency is simply the product of the efficiencies for excited singlet formation
and emission from the excited singlet excited (φECL = φs*φf, where φf is the fluo-
rescence efficiency). When the electron transfer to form excited states is fast, it
can become limited by the rate of formation of the encounter complex [reaction
(3)], which depends on the frequency of radical ion encounters in solution, and is
said to be “diffusion-limited.”

The ECL emission intensity can be evaluated based on the ECL efficiency
(φECL). This term is defined as the product of the fraction of radical ions that anni-
hilate to produce emissive excited states and the fluorescence quantum efficiency
that describes the fate of those excited states [27]. Most common organic single
systems involve strongly fluorescent molecules.
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III. SINGLE SYSTEMS FOR ORGANIC ECL

Polyaromatic hydrocarbons (PAHs) exhibit many of the features required to
achieve ECL from single systems. Typically they can be both reduced to form
moderately stable radical anions and oxidized to form radical cations, and they
have excited states that are accessible with the energy arising through radical ion
annihilation reactions. Notably, their fluorescent quantum efficiencies are gener-
ally quite high.

9,10-Diphenylanthracene (DPA) is a model compound for ECL from
organic single systems. DPA can be reversibly oxidized (E°R/R–� = 1.37 V vs.
SCE) or reduced (E°R/R–� = –1.79 V vs. SCE) to give radical cations and anions,
respectively [28]. The radical annihilation releases sufficient energy with ∆E° =
3.16 eV [Eq. (5), assuming high electrolyte concentration] to directly populate
both the DPA excited singlet state (ES = 3.06 eV) and the excited triplet state
(ET = 1.8 eV) [28]. The free energy for excited singlet formation is negative, indi-
cating an energy-sufficient process, and the predicted mechanism leading to
emission involves primarily reactions (1)–(3) and (4a) [29]. Calculation of the
electron transfer rates indicates that the formation of both excited state singlets
and triplets [reactions (4a) and (4b)] will be diffusion-limited and ground-state
formation [reaction (4c)] will be exceedingly slow. DPA has unit fluorescence
efficiency [18] and yields extremely bright ECL emission with an ECL efficiency
that can approach 25% [23]. Because both pathways to form excited states are
diffusion-limited, the ratio of singlets to triplets formed is governed by the spin
statistics of the annihilating doublet radical ions [reaction (11)]. Thus, 25% effi-
ciency represents the theoretical maximum for ECL from DPA singlets [23].

The efficiency of ECL varies with solvent and ionic strength [18,21,24]. In
relatively polar solvents (acetonitrile, acetonitrile–toluene mixtures), encounter-
ing radical ions form radical ion pairs within which electron transfer occurs. The
rate of dissociation of this encounter complex to re-form the radical ions is
slowed at low electrolyte concentrations [18]. Thus, low ionic strength promotes
passage into a radiative pathway, leading to an increase in φECL [18]. In contrast,
in nonpolar solvents, electrochemically formed radical ions do not exist alone but
must be stabilized by electrolyte counter ions. Thus, formation of radical ions
becomes difficult at low ionic strengths, leading to an increase in ∆E1/2. This also
leads to a significant increase in φECL [24].

PAHs that have been used for ECL in single systems. In addition, the efficiency
of their ECL emission relative to DPA is given. Note that the DPA system is
among the most efficient ECL systems for any solution conditions [18,24]. As can
be seen in the table, PAHs substituted with methyl or phenyl groups tend to give
brighter ECL than their unsubstituted counterparts. These substituents block
reactive sites in the radical cation and thus lower the competitive nucleophilic
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Table 1 summarizes the electrochemical and excited state energetics of
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Table 1 Single ECL Systems

E°R/R+� vs. –E°R/R–� vs. E (1R*) E (3R*) φECL/
Compound SCE (eV) SCE (eV) (eV) (eV) φDPA

Anthracene
Tetracene
Phenanthrene
Pyrene
Perylene
Fluoranthene
Dibenz[a,h]anthracene
Chrysene
Coronene
9,10-Dimethylanthracene
1,3-Dimethylbenzo[a]pyrene
1,6-Dimethylbenzo[a]pyrene
2,3-Dimethylbenzo[a]pyrene
3,6-Dimethylbenzo[a]pyrene
4,5-Dimethylbenzo[a]pyrene
9-Phenylanthracene
9,10-Diphenylanthracene
Rubrene
1,3,6,8-Tetraphenylpyrene
Phenothiazine
1-Methyl-2,5-diphenylindene
2-(p-tert-Butylphenyl)indene
2-Phenylindene
2-(4′-Biphenyl)indene

1.09a [60]
0.95b [63]
1.5a [67]
1.16a [60]
0.85c [69]
1.48c [69]
1.71a,e [70]
1.35a [67]
1.23c [69]
0.87c [69]
1.04a [72]
1.05a [72]
1.07a [72]
1.06a [72]
1.11a [72]
1.86b [63]
1.37d [28]
0.82c [69]
1.25c [15]
0.59a [73]
1.25a [35]
1.27a [35]
1.36a [35]
1.29a [35]

1.8 [61]
1.3 [65]
2.66 [68]
2.1 [61]
1.55 [34]
2.3 [61]
2.26 [36]
2.44 [34]
2.37 [69]
1.8 [71]

1.8 [28]
1.2 [69]
2 [15]

3.3 [26]
1.9 [34]
3.57 [68]
3.4 [61]
2.83 [34]
3.0 [61]
3.14 [36]
3.43 [34]
2.95 [69]
3.1 [71]
2.97 [72]
2.97 [72]
3 [72]
2.94 [72]
3.02 [72]
3.1 [30]
3.06 [28]
2.2 [61]
2.95 [15]

3.18 [35]
3.34 [35]
3.36 [35]
3.18 [35]

1.96c [60]
1.62c [64]
2.4c [67]
2.08c [60]
1.67c [69]
1.74c [69]
2.19a [36]
2.25c [67]
2.04c [69]
1.82c [69]
1.97a [72]
1.97a [72]
1.96a [72]
1.94a [72]
1.97a [72]
0.56c [63]
1.79d [28]
1.41c [69]
1.83c [15]
2.85c [74]
2.36a [35]
2.57a [35]
2.45a [35]
2.24a [35]

0.2 [62]
Weak [66]
0.005 [62]
0.002 [62]
Weak [66]
0.005 [62]

0.005 [62]
0.1 [62]
0.4 [14]
0.0004 [72]
0.2 [72]
0.0003 [72]
0.02 [72]
0.006 [72]
0.4 [14]
1
1 [62]

0.01 [62]
5.8E-04 [35]
4.5E-05 [35]
1.8E-06 [35]
1.3E-03 [35]
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2-(2′-Naphthylyl)indene
2-(1′-Naphthyl)indene
2-(1-Naphthyl)-5-phenylindene
3,4-Dihydro-2,6-diphenylnaphthalene
3-(4-Biphenyl)-1,2-dihydronaphthalene
3,4-Dihydro-2-(2-naphthyl)-6-naphthalene
3,4-Dihydro-2-(4-biphenyl)phenanthrene
3,4-Dihydro-2-phenylphenanthrene
1,8-Diphenyl-1,3,5,7-octatetraene
Brucine
Thebaine
2-Phenylnaphthalene
2-Fluoronaphthalene
α,β,γ,δ-Tetraphenylporphin
1,4-Dimethoxynaphthalene
9-Methoxyanthracene
9,10-Dimethoxyanthracene
9,10-Bis(2,6-dimethoxyphenyl)anthracene
10,10′-Dimethoxy-9,9′-bianthracenyl
9,10-Diphenoxyanthracene
1,4-Bis(methylthio)naphthalene
2,6-Bis(methylthio)naphthalene
9,10-Bis(methylthio)anthracene
1-Dimethylaminonaphthalene
2-Dimethylaminonaphthalene
1,5-Bisdimethylaminonaphthalene
2,6-Bisdimethylaminonaphthalene

1.29a [35]
1.29a [35]
1.28a [35]
1.31a [35]
1.3a [35]
1.23a [35]
1.19a [35]
1.25a [35]

0.75b [75]
1.1a [76]
1.05a [76]
0.98a [76]
1.18a [76]
1.1a [76]
1.2a [76]
1.07a [76]
1.1a [76]
1.11a [76]
0.75a [76]
0.67a [76]
0.58a [77]
0.26a [76]

1.57b [75]

3.22 [35]
3.07 [35]
2.98 [35]
3.12 [35]
3.13 [35]
3.02 [35]
3.07 [35]
3.07 [35]

2.25a [35]
2.22a [35]
2.18a [35]
2.26a [35]
2.28a [35]
2.18a [35]
2.15a [35]
2.25a [35]

0.96b [75]
2.69c [76]
1.92c [76]
1.9c [76]
2.08c [76]
1.8c [76]
1.71c [76]
2.1c [76]
2.24c [76]
1.55c [76]
2.58c [76]
2.63c [77]
2.64c [76]
2.71c [76]

1.6E-05 [35]
2.0E-05 [35]
2.0E-05 [35]
2.3E-05 [35]
2.8E-04 [35]
2.1E-04 [35]
6.9E-05 [35]
3.9E-05 [35]
0.005 [62]
weak [66]
weak [66]
weak [66]
weak [66]
<0.01b [75]
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Table 1 Continued

E°R/R+� vs. –E°R/R–� vs. E (1R*) E (3R*) φECL/
Compound SCE (eV) SCE (eV) (eV) (eV) φDPA

2,7-Bisdimethylaminonaphthalene
N,N′-Tetramethylbenzidine
1,4,5,8-Tetraphenylnaphthalene
9,10-Bis(phenylethynyl)anthracene
1,6-Bis(dimethylamino)pyrene
1,6-Bis(methylthio)pyrene
1,3,4,7-Tetraphenylisobenzofuran
1,3,5,6-Tetraphenylisobenzofuran
1,3-Di-p-anisyl-4,7-diphenylisobenzofuran
N-Methyl-1,3,4,7-tetraphenylisoindole
N-Methyl-1,3-di-p-anisyl-4,7-diphenylisoindole
Tetracene-5, 12-quinone
1-p-Anisyl-3,5-diphenyl-2-pyrazoline
Tetraanisylpyrrole
Tetraphenylpyrrole
Tetratolylpyrrole
Tetra-p-chlorophenyl-pyrrole
Tetraphenylfuran
Tetraphenylthiophene
2-Methylnaphthalene
1,4-Diphenylnaphthalene
2-(2-Fluorenyl)-5-naphthyloxazole
1-(6-Phenylindenyl)naphthalene
5,6-Dihydro-5H-dinaphtho[2,1-g:1′,2′-h][1,5]-

dioxocin

0.57a [76]
0.43a [76]
1.39a [76]
1.16a [77]
0.49a [76]
0.96a [76]
0.89c [78]
0.85c [78]
0.84c [78]
0.67c [78]
0.59c [78]
1.75c [78]
0.61a [79]
0.66a [80]
0.90f [80]
0.81a [80]
1.06f [80]
1.19a [80]
1.38a [80]
1.73f [81]
1.17f [81]
1.34f [81]
0.96f [81]
1.09f [81]

1.88 [79]3.49 [80]
3.49 [80]
3.47 [80]
3.38 [80]
3.45 [80]
3.46 [80]

2.77c [76]

1.98c [76]
1.29c [76]
2.16c [76]
1.83c [76]
1.86c [78]
1.79c [78]
1.92c [78]
2.35c [78]
2.42c [78]
1.02c [78]
2.38c [79]
<2.9a [80]
2.78f [80]
2.85a [80]
2.52f [80]
2.47a [80]
2.30a [80]
2.33f [81]
1.94f [81]
1.78f [81]
2.32f [81]
2.04f [81]
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aIn MeCN.
bIn MeCl.
cIn DMF.
dIn PhCN.
eVersus NHE.
fIn 1:1 benzene:MeCN
gIn 9:1 benzene:MeCN
hIn 3:2 CHCl3:MeCN
iIn 4:1 benzene:MeCN

4,5,6,7-Tetrahydrodinaphtho[2,1-g:1′,2′-i]-
[1,6]dioxecin

Dibenzo[[f,f′]-4,4′,7,7′- tetraphenyl]diin-
deno[1,2,3-cd: 1′,2′,3′-lm]perylene

N,N′-Bis(2,6-diisopropylphenyl)-3,4,9,10-
perylenetetracarboxylic diimide

N-(2,6-Diisopropylphenyl)-N′- octylterrylenete-
tracarboxylic diimide

N,N′-Bis(2,6-diisopropylphenyl)-3,4,9,10-
quaterrylenetetracarboxylic diimide

3,7-[Bis[4-phenyl-2-quinolyl]]-10-methylphe-
nothiazine

9,10-Dimethylsulfone-7,12-
diphenylbenzo[k]fluoranthene

9,10-Dimethyl-7,12-diphenylbenzo[k]fluoran-
thene

1.09f [81]

0.946g [82]

1.65h [83]

1.11h [83]

0.83h [83]

0.69f [84]

1.5i [85]

1.36i [85]

2.1 [82]

1.84 [83]

1.58 [83]

2.3 [84]

2.97 [85]

2.97 [85]

2.31f [81]

1.20g [82]

0.52h [83]

0.63h [83]

0.57h [83]

1.96f [84]

1.8i [85]

1.95i [85]

0.2 [82]

0.4 [83]

0.3 [83]

Weak [83]

0.8 [84]

1 [85]
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substitution or addition reactions (e.g., DPA yields considerably brighter ECL
than anthracene). Functionalization can also serve to reduce intermolecular inter-
actions that lead to alternative emissive states (such as excimer emission as
discussed in Section VI). In general, increased aromaticity correlates with lower
energy excited states and also with the formation of radical ion at lower potentials.

IV. REQUIREMENTS FOR FORMING EXCITED STATES FROM
MIXED SYSTEMS

“Mixed systems” refers to the ECL mechanism where the radical cation and
radical anion are formed from different molecules:

D + e– → D+� (12)

A + e– → A–� (13)

Excited states can be formed by annihilation reactions that are similar to reactions
(3) and (4):

D+� + A–� → [D+� + A–�] (14)

[D+� + A–�] → [1D* + A] or [D + 1A*] (15a)

[D+� + A–�] → [3D* + A] or [D + 3A*] (15b)

[D+� + A–�] → [D + A] (15c)

where the energy levels of the A and D excited states determine which complex

mixed systems as well, allowing calculation of the available energy for forming

couple one species for which the reaction energetics indicate no excited state
formation with a second species that can be excited. These are called, respec-
tively, the nonemissive and emissive reaction partners.

A. Nonemissive Reaction Partners

1. Excited States

As can be seen in reactions (15), many different excited states can conceivably
arise from electron transfer in mixed systems. These various electron transfer
processes are competitive, however, and in most actual systems the spectra of the
ECL emission indicate the formation of only a single excited state. This can be
understood theoretically by calculating the rate for each of the electron transfers
based on Marcus theory [Eqs. (5), (9), and (10)]. Typically this leads to the
conclusion that one of the excited states will be formed rapidly and the other
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excited states and the speed of competing electron transfers (see, e.g., Refs. 17,

is formed. Equations (5)–(11), shown above for single systems can be applied to

22, 30). To simplify interpretation, most investigations of mixed ECL systems



mechanistic pathways will be negligible. Nonemissive reaction partners typically
exhibit highly energetic excited states, leading to positive ∆G and slow electron
transfer to the excited state. Alternatively, nonemissive reaction partners may
form excited states but exhibit a very low emission quantum efficiency and
remain undetected due to stronger emissions from other compounds in the
system. It is important to note that a nonemissive reaction partner in one chemi-
cal system may be emissive when coupled with a different radical ion that yields
a larger ∆E° or no dominating light-producing pathway.

2. Electrochemistry

As with single systems, electrochemical formation of stable radical ions is central
to mixed system ECL. The radical ions of nonemissive reaction partners must be
sufficiently long-lived to find an emissive reaction partner with which to undergo
homogeneous electron transfer [reactions (15)].

The formal potential of the reaction partner offers a degree of control
not present in single systems. When the excited state energetics for the emissive
partner, E0,0, are known, the nonemissive partner can be chosen on the basis
of its electron transfer potential to change the free energy for excited state forma-
tion [Eq. (5)] and thermodynamically control the reaction pathways leading
to ECL between energy-sufficient and energy-insufficient mechanisms [17].
Alternatively, series of nonemissive reaction partners exhibiting electrochemistry
across a range of potentials can be considered to systematically vary ∆G [28].

3. Solubility

One use of reaction partners is to increase the ECL light emission by providing
high concentrations of one radical ion to facilitate formation of the encounter
complex [reaction (14)]. This allows more sensitive detection and easier quan-
tification [9]. Toward this end the solubility of the reaction partner in the partic-
ular solvent being used is important [31].

4. Example

One of the most commonly studied nonemissive reaction partners is Würster’s
Blue (N,N,N′,N′-tetramethyl-p-phenylenediamine, TMPD). TMPD exhibits
stable radical cation formation (E°=0.24 V vs. SCE) but no reduction [32]. The
triplet and singlet excited states of TMPD are highly energetic (2.83 eV and 3.52
eV, respectively) and are not populated during ECL [95]. TMPD can be paired
with DPA (discussed in Section III) for mixed system ECL. In this system, the
potential is controlled to generate the radical cation of TMPD and the radical
anion of only DPA. Calculation of the free energy available for the formation of
an excited state from the encounter complex indicates that this system will
proceed via the energy-insufficient pathway. Thus, annihilation of the radical
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ions generates only DPA triplets that produce light via triplet–triplet annihilation.
Because the rate limiting step for light generation is triplet–triplet annihilation,
the ECL intensity is expected to be second order with respect to the concentration
of DPA, and this is seen experimentally [17].

A mixed system that allows ECL via the energy-sufficient pathway is the
combination of benzophenone (BP) and DPA. BP is readily reduced (E° = –1.91)
but not readily oxidized [28]. When combined with DPA, the DPA radical cation
must be generated and react with the BP radical anion. The energetics of the
triplet and singlet excited states of BP are 3 eV and 3.2 eV, respectively [28].
Considering Eqs. (5)–(11) for a mixed system, it is predicted that excited triplets
and singlets of both BP and DPA will be formed by electron transfer within the
encounter complex. Nevertheless, BP can be considered a nonemissive reaction
partner in this system because of its inefficient excited state quantum efficiency.
BP excited singlets undergo intersystem crossing with nearly unity conversion to
generate triplets [33]. The BP triplets typically exhibit a low luminescence quan-
tum efficiency because of quenching by solvent, polyaromatic hydrocarbons, and
radicals. Thus, very little emission from BP is seen experimentally. By compari-
son, emission from excited DPA singlets is particularly efficient [23]. Further, the
energetics of excited DPA singlets are well matched to the energetics of the elec-
tron transfer between DPA radical cations and BP radical anions. This yields light
generation through the energy-sufficient mechanism and light intensity that is
first-order with respect to the concentration of DPA [17].

These two examples, DPA radical anions mixed with TMPD radical cations
and BP radical cations mixed with DPA radical anions, illustrate energy-insuffi-
cient and energy-sufficient pathways in mixed system ECL. They also show the
complexity of mixed systems, because the nonemitting species can be either the
radical cations or the radical anions. In both cases, the spectrum of the generated
light must be compared to a fluorescence spectrum of the emissive species, DPA,
to demonstrate that the ECL signal does indeed arise entirely from DPA excited
singlet emission [17].

B. Emissive Reaction Partners

Often, species capable of single-system ECL are coupled to a nonemissive reac-

The potentials applied are then controlled to generate only the desired radical
cation and radical anion.

However, mixed systems are particularly interesting because they allow a
greater range of emissive species to participate for ECL. Emissive molecules that
are capable of forming only a single stable radical ion and thus incapable of
single-system ECL can still participate in mixed ECL systems. For example, when
considering ECL from trans-stilbene derivatives, Wilson et al. [35] reported weak
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tion partner that is more easily oxidized or reduced (see, e.g., Refs. 17 and 34).



or undetectable single-system ECL due to unstable radical cations. However, a
mixed system with tri-p-tolylamine radical cations allowed stable ECL.

V. MIXED SYSTEMS FOR ORGANIC ECL

A. Mixed System Nonemitters

tions of mixed ECL systems. Substituted aniline and aromatic ketones make up
the bulk of mixed system nonemitters [28,36]. Other molecules include nitrogen-,
oxygen-, or sulfur containing aromatic heterocycles, alkenes, and even solvents
that can be electrolyzed to yield radical ions [35,37,38].

1. Aniline Derivatives

By far the most common reaction partners for mixed system ECL are substituted
anilines. These compounds form radical cations (D+�) whose stability depends on
their particular structure [39]. The formal potential for oxidation of these
compounds is modest (typically <1 V), facilitating radical cation formation with
various solvents and electrode materials. Aniline derivatives typically exhibit
high electronic excited state energies that do not get populated during annihila-
tion reactions. This simplifies mechanistic interpretation of the ECL emission.

2. Aromatic Ketones

Benzophenone and other related ketones can be reduced to form stable radical
anions. The reduction potentials of aromatic ketones vary widely. This allows a
large range of ∆E° values to be considered in mechanistic studies [17,28].

B. Mixed System Emitters

As noted above, any of the molecules involved in single-system ECL can also be

emissive molecules have been considered only in mixed systems, though their partic-

VI. EXCIPLEX EMISSION, CHARACTERISTICS AND
REQUIREMENTS

In addition to forming singlet and triplet excited states as in reactions (4) and
(12), radical ion annihilation can lead directly from the contact radical ion pair to
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the emissive exciplex excited state (Chapter 4) [40,41].

Table 2 summarizes common nonemitting organic molecules used in investiga-

studied in mixed systems. These have already been summarized in Table 1. Other

ipation in ECL from single systems may be possible. These are listed in Table 3.
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Table 2 Nonemitters in Mixed systems

E°R/R+� vs. E°R/R–� vs. E (1R*) E (3R*
Compound SCE (eV) SCE (eV) (eV) (eV)

aIn DMF.
bIn MeCN.
cIn PhCN.
dVs. SSCE.
eVs. Ag/ClO4.

Würster’s Blue (N,N,N′,N′-tetram-
ethyl-p-phenylenediamine)

Würster’s Red (N,N-dimethyl-p-
phenylenediamine)

Tri-p-tolylamine
Tri-p-anisylamine
Triphenylamine
N,N′-Diphenylbenzidine
4-Methyltriphenylamine
4,4′-Dimethoxytriphenylamine
Benzophenone
1,4-Benzoquinone
1,4-Naphthaquinone
9,10-Anthraquinone
4-Methylbenzophenone
4-Methoxybenzophenone
9-Fluorenone
2-Naphthyl phenyl ketone
Benzil
trans-Stilbene
cis-Stilbene
10-Methylphenothiazine
10-Phenylphenothiazine
2,5-Diphenyl-1,3,4-oxadiazole
Benzonitrile
Thianthrene
Bis-1,8-(N,N-

dimethylamino)naphthalene
N-p-Tolylphthalimide
7,14-Diphenyl-acenaphtho[1,2-

k]fluoranthene
1,4-Bis[5-phenyl-oxazolyl-(2)]-

benzene
2-p-Biphenyl-5-phenyl-1,3,4-

oxadiazole
2,5-Di-p-biphenylyl-oxazole
2,5-Diphenyl-oxazole
2-p-Anisyl-5-phenyl-oxazole

0.24a [32]

0.45a,d [61]

0.74b [86]
0.51b [36]
0.95b [36]
0.65b [36]
0.84b [36]
0.57b [36]
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
1.46b [35]
n/a
0.69b [36]
0.88a [87]
n/a
n/a
1.25b [89]
0.7b [41]

n/a
n/a

n/a

n/a

n/a
n/a
n/a

2.83 [71]

2.7 [61]

2.96 [86]

3.00 [28]

2.67 [28]
2 [61]
2.5 [87]
2.4 [61]
2.4 [87]
2.5 [89]

2.6 [89]

3.52 [71]

3.51 [86]
3.26 [36]
3.5 [36]
3.4 [36]

3.2 [28]
5.2 [28]
5.1 [28]
3.07 [28]

3.8 [61]

3.4 [61]

3.9 [89]

3.9 [89]
2.4

n/a

n/a

n/a
n/a
n/a
n/a
n/a
n/a
1.91b [28]
0.53c [28]
0.75c [28]
0.89c [28]
1.90c [28]
1.94c [28]
0.81c [28]
1.18c [28]
1.21c [28]
2.37b [35]
2.13a [87]
n/a
n/a
2.17b [89]
2.74a,e [88]
2.54a [69]
n/a

1.40a [79]
1.47a [79]

1.76a [79]

1.93a [79]

2.01a [79]
2.21a [79]
2.33a [79]

Copyright © 2004 by Marcel Dekker, Inc.
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Table 3 Emitters in Mixed Systems

E°R/R+� vs. E°R/R–� vs. E (1R*) E (3R
Compound SCE (eV) SCE (eV) (eV) (eV)

aIn MeCN.
bIn DMF.
cIn DME.

Naphthalene
1,2-Benzanthracene
Benzophenone
Benzo[a]pyrene
Benzo[e]pyrene
Bibenz[a,c]anthracene
7,12-Dimethylbenz[a]anthracene
3-Methylcholanthrene
Picene
1,12-Benzoperylene
5,10-Dihydroindeno[2, 1-

a]indene
2-(p-Tolyl)indene
3,4-Dihydro-2-(2-naphthyl)naph-

thalene
Thianthrene
Acetophenone
Dibenzoylmethane
Benz[a]anthracene
1,1,4,4-Tetraphenyl-1,3- butadi-

ene
1,4-Diphenyl–1,3-butadiene
trans-Stilbene
9-Methylanthracene
2,5-Diphenyloxazole
3-[1,1′-Biphenyl]-4-yl-4,5- dihy-

dro-1-(4-methoxyphenyl)-5-
phenyl-1H-pyrazole

4,5-Dihydro-1-(4-
methoxyphenyl)-5-phenyl-3-
(2-phenylethenyl)-
1H-pyrazole

3,5-diphenyl-1-p-tolyl-2-pyrazo-
line

1,1′-[1,1′-biphenyl]-4,4′-diyl-
bis[4,5-dihydro-3,5-diphenyl-
1H-pyrazole

Bi(1-phenyl-2-pyrazolin-3-yl)

1.54a [60]
1.18a [28]

1.14a [35]

1.25a [35]
1.25a [35]

1.25a [89]

1.46b [35]

0.59a [79]

0.58a [79]

0.75a [79]

0.56a [79]

0.49a [79]

[61]
2.08 [28]
3 [28]
1.81 [36]
2.29 [36]
2.2 [36]
1.92 [36]

2.58 [34]
2 [69]

2.6 [89]
3.2 [41]
2.77 [41]
2.08 [41]

2 [61]
1.8 [41]

1.83 [79]

1.75 [79]

2.07 [79]

1.88 [79]

1.75 [79]

3.9 [61]
3.22 [28]
3.2 [28]
3.07 [36]
3.39 [36]
3.4 [36]
2.96 [36]
3.42 [36]
3.31 [34]
3.07 [69]
3.34 [35]

3.34 [35]
3.18 [35]

3 [89]

3.35 [41]
3.14 [41]

3.6 [41]
3.8 [61]
3.2 [41]
3.61 [41]

2.54b [60]
2.00a [28]
1.91a [28]
1.98a [36]
2.26a [36]
2.17a [36]
2.21a [26]
2.29a [36]
2.28c [34]
1.92c [71]
2.62a [35]

2.48a [35]
2.25a [35]

2.54b [69]
2.18a [41]
1.55a [41]
2.17a [41]
2.2a [41]

2.12a [41]
2.37b [35]
2.19b [35]
2.38b [35]
2.17b [79]

2.16b [79]

2.37b [79]

2.36b [79]

2.36b [79]

Copyright © 2004 by Marcel Dekker, Inc.



[D+� + A–�] → 1(AD)* (16)
1(AD)* → A + D + hν (17)

[When a single system exhibits this behavior, the dimer exciplex, 1(R2)*, is
termed an “excimer.”] Although exciplexes can be formed through spectroscopic
excitation, its formation is particularly likely in ECL because of the close prox-
imity of the radical ions in the contact radical ion pair. Exciplexes that are not
seen following spectroscopic excitation can dominate in the ECL spectra [42].
Additionally, exciplex generation in polar solvents is possible through ECL,
though not with spectroscopic excitation [43].

Exciplex emission is characterized by a broad featureless emission red-
shifted from the singlet emission of the individual molecules (1A* or 1D*).
Further, the wavelength of exciplex emission varies with solvent polarity [41]. In
general, singlet and exciplex emission are observed simultaneously [44]. The
result is that emission from these systems is quite broad (several hundred
nanometers) and can appear white [30].

The main requirement for exciplex formation is structural [45]. The partic-
ipating molecules must be able to align such that there is significant π-orbital

excimer and exciplex systems along with the characteristic emission assignments
for the ECL spectrum.

VII. TWISTED INTRAMOLECULAR CHARGE TRANSFER EMISSION

In exciplex emission, the proximity of participating species to one another is of
primary importance. Some researchers have used synthetic procedures to include
pairs of exciplex-forming species in a single molecule (A–D, though A and D are
not necessarily different [46]). The excited state emission from the resulting
molecule shows emission only from the twisted intramolecular charge transfer
(TICT) excited state [46–50], sometimes called an intramolecular exciplex
[51,52]. For example, 4-(9-anthracenyl)-N,N-dimethylaniline (ADMA) combines

288 Forry and Wightman
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overlap. For steric reasons, this occurs most often with planar PAHs. Table 4 lists
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Table 4 Systems Exhibiting Excimer and Exciplex Emission

D/D+� A/A–� Emissive state

(Continued)

Excimer
Perylene
Pyrene
4,5,6,7-Tetrahydrodinaphtho[2,1-
g:1′,2′-i]–[1,6]dioxecin

Benzo[a]pyrene
Naphthalene
1,6-Bis(dimethylamino)pyrene

1,6-bis(methylthio)pyrene
Exciplex
Würster’s Blue (N,N,N′,N′-
tetramethyl-p-phenylenediamine)

Tri-p-tolylamine

Perylene
Pyrene
4,5,6,7-
Tetrahydrodinaphtho[2,
1-g:1′,2′-i]–[1,6]dioxecin
Benzo[a]pyrene
Naphthalene
1,6-Bis(dimethylamino)
pyrene
1,6-Bis(methylthio)pyrene

Pyrene
9,10-Dimethylanthracene
9,10-Diphenylanthracene
1,12-Benzoperylene
Benzo[a]pyrene
Benzo[e]pyrene
Dibenz[a,h]anthracene
Benz[a]anthracene
9-Methylanthracene
Anthracene
N-Ethylcarbazole
4,4′-Dimethyl-biphenyl

4-Methylbiphenyl
Biphenyl
Naphthalene
m-Terphenyl
Phenanthrene
Bitolyl
Chrysene
9,10-Dimethylanthracene
9-Methylanthracene

Anthracene
Benzo[a]pyrene
Benzo[e]pyrene
Dibenz[a,h]anthracene
Dibenz[a,c]anthracene
Benz[a]anthracene

1A*, 1A2* [42,90,91]
1A*, 1A2* [42,92,93]
1A*, 1A2* [45]

1A*, 1A2* [42]
1A2*, [93]
1A2* [76]

1A2* [76]

1A*, 1AD* [71]
1A*, 1A2* [71]
1A*, 1A2* [71]
1A*, 1A2* [71]
1A*, 1A2* [71]
1A*, 1A2* [71]
1A*, 1A2* [71]
1A*, 1A2* [71]
1A*, 1A2* [71]
1A*, 1A2* [71]
1D*, 1A*, 1AD* [44]
1D*, 1A*, 1AD*
[44, 94]
1D*, 1A*, 1AD* [44]
1D*, 1A*, 1AD* [44]
1D*, 1A*, 1AD* [44]
1D*, 1A*, 1AD* [44]
1D*, 1A*, 1AD* [44]
1D*, 1A*, 1AD* [94]
1A*, 1AD* [94]
1A*, 1AD* [40, 95]
1A*, 1AD* [40, 43,
94, 95]
1A*, 1AD* [40, 95]
1A*, 1AD* [36]
1A*, 1AD* [36]
1A*, 1AD* [36]
1A*, 1AD* [36]
1A*, 1AD* [36]

Copyright © 2004 by Marcel Dekker, Inc.
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Table 4 Continued

D/D+* A/A–� Emissive state

(Continued)

7,12-Dimethylbenz[a]
anthracene
3-Methylcholanthrene
9,10-Diphenylanthracene
9,10-Di(1-
naphthyl)anthracene
9,9′-Bianthracene
Benzophenone

Naphthalene
Acetophenone
Dibenzoylmethane
1,1,4,4-Tetraphenyl-1,3-
butadiene
1,4-Diphenyl-1,3-butadiene
trans-Stilbene
2,5-Diphenyloxazole
Naphthalene
1,4-Dicyanobenzene
1-Methylnaphthalene
2-Methylnaphthalene
1,4-Diphenylnaphthalene
1,5-Diphenylnaphthalene
1,4-Dinaphthylbenzene
2-(2-Fluorenyl)-5-naph
thyloxazole
1-(6-Phenylindenyl)-
naphthalene
2,2′-Binaphthyl
6-Phenyl-2,2′-binaphthyl
Dinaphtho[2,1-d:1′,2′-
f][1,3]dioxepin
5,6-Dihydro-4H- dinaph-
tho[2,1-g:1′, 2′-h][1,5]-
dioxocin
4,5,6,7-
Tetrahydrodinaphtho[2,
1-g:1′,2′-i]-[1,6]dioxecin
5,10-Dihydroindeno[2,1-
a]indene
1-Methyl-2,5-
diphenylindene

1A*, 1AD* [36]

1A*, 1AD* [36]
1A*, 1AD* [94]
1A*, 1AD* [94]

1A*, 1AD* [94]
1A*, 1AD* [43, 96,
97]
1D*, 1AD* [45, 96]
1AD* [43]
1AD* [43]
1AD* [43]

1AD* [43]
1AD* [43, 35]
1AD* [43]
1AD* [43]
1AD* [97]
1A*, 1AD* [45]
1A*, 1AD* [45]
1A*, 1AD* [45]
1A*, 1AD* [45]
1A*, 1AD* [45]
1A*, 1AD* [45]

1A*, 1AD* [45]

1A*, 1AD* [45]
1A*, 1AD* [45]
1A*, 1AD* [45]

1AD* [45]

1A*, 1AD* [45]

1A*, 1AD* [35]
A*, 1AD* [35]

Copyright © 2004 by Marcel Dekker, Inc.
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(Continued)

Tris(p-dimethylaminophenyl)amine

Triphenylamine
N,N′-Diphenylbenzidin
Tri-p-tolylamine
Tri-p-anisylamine
4,4′-Dimethoxytriphenylamine

2-(p-tert-
butylphenyl)indene
2-Phenylindene
2-(p-tolyl)indene
2-(4′-Biphenyl)indene
2-(2′-Naphthyl)indene
2-(1′-Naphthyl)indene
2-(1-Naphthyl)-5-
phenylindene
3,4-Dihydro-2,6-
diphenylnaphthalene
3-(4-Biphenyl)-1,2-
dihydronaphthalene
3,4-Dihydro-2-(2-naph-
thyl)naphthalene
3,4-Dihydro-2-(2-naph-
thyl)-6-naphthalene
3,4-Dihydro-2-(4-
biphenyl)-phenanthrene
3,4-Dihydro-2-
phenylphenanthrene
4,4′-Dimethylbiphenyl
4-Methylbiphenyl
Biphenyl
Naphthalene
m-Terphenyl
Phenanthrene
2,4,6-Trimethyl benzoni-
trile
Picene
trans-Stilbene
Benzo[c]phenanthrene
p-Terphenyl
p-Quaterphenyl
p-Quinquiphenyl
p-Sexiphenyl
Chrysene
Chrysene

11AD* [35]

1AD* [35]
1AD* [35]
1A*, 1AD* [35]
1A*, 1AD* [35]
1A*, 1AD* [35]
1A*, 1AD* [35]

1A*, 1AD* [35]

1A*, 1AD* [35]

1A*, 1AD* [35]

1A*, 1AD* [35]

1AD* [35]

1A*, 1AD [35]*

1D*, 1AD* [44]
1D*, 1AD* [44]
1D*, 1AD* [44]
1D*, 1A*, 1AD* [44]
1D*, 1A*, 1AD* [44]
1D*, 1A*, 1AD* [44]
1D*, 1AD* [44]

1A*, 1AD* [44]
1AD* [44]
1A*, 1AD* [94]
1A*, 1AD* [94]
1A*, 1AD* [94]
1A*, 1AD* [94]
1A*, 1AD* [94]
1A*, 1AD* [94]
1A*, 1AD* [36]
1A*, 1AD* [36]
1A*, 1AD* [36]
1A*, 1AD* [36]
1A*, 1AD* [36]

Table 4 Continued

D/D+* A/A–� Emissive state
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anthracene and aniline moieties. Heterogeneous electron transfer of TICT emit-
ters yields radical ions localized within the molecule,

A�D + e– → A–��D (18)

A�D – e– → A�D+� (19)

When excited spectroscopically, these species yield a faint emission band at short
wavelengths assigned to 1A* and a more intense emission at lower energy corre-
sponding to 1(A�D)*, the TICT excited state. In ECL emission, only the longer
wavelength TICT emission is seen:

A–��D + A�D+� → 1(A�D)* + A�D (20)
1(A�D)* → A�D + hν (21)

Synthetic procedures allow the physical separation between the moieties of inter-
est to be controlled as well as the steric hindrance to the molecular folding neces-
sary to form the TICT excited state [47,52]. This allows exploration of Marcus
theory for electron transfer by yielding well-defined geometries for the electron

∆E° for radical cation and anion formation, and their reported ECL efficiency.

VIII. PREANNIHILATION EMISSION

When ECL was first being investigated, there were several reports of preannihi-
lation ECL [53–58]. This referred to a weak emission seen for single systems
in some solvents when one radical ion was generated but the potential was insuf-
ficient to generate the second radical ion. Although many theories were proposed
to explain this emission [53,55,56], the eventual conclusion was that electrol-
ysis was responsible for generating species in solution that were oxidized or

292 Forry and Wightman

Table 4 Continued

D/D+* A/A–� Emissive state

4-Methyltriphenylamine
10-Methylphenothiazine
Triphenylamine
N,N′-Diphenylbenzidine
Bis-1,8-(N,N-
dimethylamino)naphthalene
Tri-p-anisylamine
Perylene

Naphthalene

Pyrene

1A*, 1AD* [36]
1A*, 1AD* [36]
1AD*, [43]
1AD*, [43]
1AD* [43]

1AD* [43]
1D*, 1AD* [91]

Copyright © 2004 by Marcel Dekker, Inc.

transfer [47,49,50,52]. Table 5 lists emissive TICT molecules studied to date, the



reduced at less extreme potentials than the second radical ion [54,57–59]. Thus
preannihilation ECL represents a mixed ECL system where the nonemissive reac-
tion partner is a breakdown product of the radical ions of the emissive reaction
partner.

IX. ORGANIC COREACTANT SYSTEMS

Although many coreactant ECL systems involve organic molecules, these were
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Table 5 Emissive TICT Systems

Compound ∆E° (eV)a φECL (%)a

4-(9-Anthracenyl)-N,N-dimethylaniline 2.77 [47, 51, 52] 1.1 [47, 51]
4-(9-Anthracenylmethyl)-N,N-dimethylaniline 2.76 [51]
4-[2-(9-Anthracenyl)ethyl]-N,N-dimethylaniline 2.77 [51]
4-(9-Anthracenyl)-N,N-di-p-tolylaniline 2.77 [52] 2.8b [52]
4-(9-Anthracenyl)-N,N-di-p-anisylaniline 2.63 [52] 0.84b [52]
4-[9-(10-Phenylanthracenyl)]-N,N-dimethylaniline 2.74 [52] 2.4b [52]
4-[9-(10-Phenylanthracenyl)]-N,N-tolylaniline 2.77 [52] 3.6b [52]
4-[9-(10-Phenylanthracenyl)]-N,N-anisylaniline 2.61 [52] 0.81b [52]
4-(1-Pyrenyl)-N,N-dimethylaniline 2.84 [52] 4.4b [52]
4-(1-Pyrenyl)-N,N-tolylaniline 2.89 [52] 3.0b [52]
4-(1-Pyrenyl)-N,N-anisylaniline 2.72 [52] 0.32b [52]
4-(9-Anthacenyl)-N,N-diethylaniline 2.78 [47] 0.14 [47]
4-(9-Anthacenyl)-3,5-dimethyl-N,N-dimethylaniline 2.8 [47] 0.57 [47]
4-(9-Anthacenyl)-3-methyl-N,N-dimethylaniline 2.82 [47] 0.44 [47]
4-(9-Anthacenyl)-3-methoxy-N,N-dimethylaniline 2.79 [47]
1-Methyl-5-(9-anthracenyl)-indoline 2.66 [47] 0.22 [47]
4-(1-Naphthyl)-N,N-dimethylaniline 3.31 [49]
4-(3-Fluoranthenyl)-N,N-dimethylaniline 2.57 [49] 2.7 [49]
4-(1-Pyrenyl)-N,N-dimethylaniline 2.86 [49] 4.7 [49]
9,9′-Bianthryl 3.17 [46] 3 [46]
10,10′-Dimethoxy-9,9′-bianthryl 3.00 [46] 3 [46]

aIn MeCN unless otherwise noted.
bIn 3:1 MeCN:PhCN.

Copyright © 2004 by Marcel Dekker, Inc.

covered in Chapter 5 and will not receive further consideration here.
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7
Metal Chelate Systems

Mark M. Richter
Southwest Missouri State University, Springfield, Missouri, U.S.A.

I. INTRODUCTION

In little more than three decades, electrogenerated chemiluminescence (ECL) has
moved from being a “laboratory curiosity” to being a useful analytical technique.
Metal chelates, in particular the dication of tris(bipyridine)ruthenium(II),
Ru(bpy)3

2+

tion. This is not surprising, considering that many metal chelates display the elec-

sition metal complexes incorporating Ru, Os, and Pt [3–8], and rare earth chelates
[9,10], to name a few. There has been particular emphasis on characterizing the
nature of the excited state, discerning the mechanisms by which this state is
formed, and determining the efficiency of excited state formation. Various tech-
niques were used and are still being used, including detailed electrochemical
studies, spectroscopic and spin-resonance measurements, and magnetic field

With the development in the early 1980s of a method for the binding of
Ru(bpy)3

2+ to biological molecules of interest (e.g., antibodies, proteins, nucleic
acids) [13] came renewed interest in discovering additional ECL luminophores
and understanding the fundamental properties of ECL phenomena. For example,
although Ru(bpy)3

2+ has many properties that make it an ideal ECL luminophore
for sensitive and selective analytical methods, it would be useful to have other
ECL labels that span a wide range of wavelengths so that simultaneous determi-
nation of several analytes in a single sample is possible. Metal chelate systems
have been the focus of many of these studies. Therefore, this chapter offers the
reader a survey of developments within metal chelate ECL.
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trochemical and spectroscopic qualities required of ECL luminophores (Chapter

(bpy = 2,2′-bipyridine), have played a pivotal role in this transforma-

1). Representative systems include main group metals (e.g., Si and Al) [1,2], tran-

effects (Chapters 1–4) [3,11,12].



There are two obvious choices when discussing metal chelates, organizing
systems by the metal or by the chelate(s) used to bind the metal. In this chapter
the former is used. The advantages of organizing by the metal are that systems
containing the same metal ion can be grouped together for comparison, and we
pay homage (in a humble way) to the periodic table. The main disadvantage is
that several papers discuss the ECL of different metal ions with the same chelate,
so some repetition within different sections is inevitable. Hopefully the advan-
tages outweigh the disadvantages. Therefore, Sections II–VI deal with ‘ruthe-
nium and osmium polypyridine-based ligand complexes,’ the ‘main group
elements,’ the ‘first row transition metals’, ‘the second and third row transition
metals’, and the ‘rare earth elements’, respectively. Individual metals and their
chelates are organized alphabetically by metal within these groups. The ECL of
ruthenium and osmium polypyridine complexes are discussed separately from the
second and third row transition metals because of the pivotal role Ru(bpy)3

2+ has
played, and continues to play, in the development of ECL. Osmium is included
in this section owing to the many similarities between ruthenium and osmium
(and the important differences that, to date, have made ruthenium the choice for
practical applications).

The photophysics and photochemistry of the various systems are discussed
on an as needed basis to complement the electrochemiluminescence studies. No
separate sections or introduction are presented. Several excellent monographs
exist that discuss the rich excited state chemistry of metal systems, and the reader
is encouraged to consult them [14,15].

II. RUTHENIUM AND OSMIUM POLYPYRIDINE-BASED LIGAND
COMPLEXES

Electrochemical, photophysical, and ECL data under both annihilation and core-

A. Ruthenium

1. Monometallics

Since the discovery that Ru(bpy)3
2+ is photoluminescent [16], a large body of

literature has appeared aimed at understanding both the ground and excited state
properties of Ru(bpy)3

2+, Os(bpy)3
2+ and their polyazine derivatives [14,15].

Therefore, it is not surprising that these compounds have also played an impor-
tant role in the development of ECL.

The first report of ECL in a metal chelate was in 1972; the excited state of
Ru(bpy)3

2+ had been generated in aprotic media by annihilation of the reduced
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actant conditions are presented in Tables 1 and 2.
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Table 1 Electrochemical, Spectroscopic, and ECL Properties of Ruthenium and Osmium Polypyridine Complexes. ECL Generated via
Annihilation

Complex Solvent E1/2(ox) (V) E1/2(red) (V) λem (nm) λecl (nm) φem φecl

Ru(bpy)3
2+ MeCN +1.35a –1.32a 608a 608a 0.062b 0.05c

Ru(phen)3
2+ MeCN +1.40d –1.40d 590d 590d — —

Ru(terpy)3
2+ MeCN +1.28d –1.43d — 660 nm — —

Ru(TPTZ)3
2+ MeCN +1.52d –0.84d —e —e —e —e

Ru(bpz)3
2+ MeCN +1.90f,g –0.76f,g 585f 585f ~0.03h,i ~0.04h

Ru(dp-bpy)3
2+ MeCN +1.2j,k –1.4j,k 635j 635j 0.26j 0.14j

Ru(dp-phen)3
2+ MeCN +1.3j,k –1.3j,k 615j 615j 0.31j 0.24j

(bpy)2Ru(bphb)2+ MeCN +1.569l –1.291l 624l 624l 0.08l 0.0066l

[(bpy)2Ru]2(bphb)4+ MeCN +1.337l –1.287l 624l 624l 0.11l 0.16l

Os(bpy)3
2+ MeCN +0.82m –1.26m 724m 720m 0.00462b —

Os(bpy)2(diphos)2+ MeCN +1.34m –1.23m 612m 610m 0.0550b ~0.7m

Os(bpy)2(dppene)2+ MeCN +1.38m –1.23m 605m 606m 0.0699b —
Os(bpy)2(DMSO)2

2+ MeCN +1.79m –1.00m 575m —e — —e

Os(bpy)2dpae2+ MeCN +1.21m –1.25m 632m 633m — —
Os(bpz)3

2+ MeCN +1.52n –0.67n 700n 700n — —
Os(phen)3

2+ DMF +0.86m –1.25m 690m 691m 0.0159b —
Os(phen)3

2+ MeCN +0.82o –1.21o — 740o 0.32o 0.40o

Os(phen)2(diphos)2+ MeCN +1.29m –1.29m 601m 600m 0.138b —
Os(phen)2(dppene)2+ MeCN +1.42m –1.21m 597m 599m 0.239b —
Os(phen)2dpae2+ MeCN +1.21m –1.26m 622m —e 0.121b —e

Please see text for ligand definitions.
All potentials are in volts vs. SSCE (0.2360 vs. NHE) unless otherwise noted.
Photoluminescence efficiencies (φem) and ECL efficiencies (φem) are relative to Ru(bpy)3

2+ at 0.062 and 0.05, respectively.
aRef. 5.
bRef. 21.
cRefs. 18 and 20.
dRef. 17.
eNo observed ECL.

fRef. 32.
g vs. Ag QRE.
hRef. 33.
iRelative to Rhodamine B (φem = 0.61 in ethanol).
jRef. 41.

kCathodic (Epc) and anodic (Epa) peak potentials.
lRef. 8.
mRef. 57.
nRef. 59.
oRef. 56.
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Table 2 Electrochemical, Spectroscopic, and ECL Properties of Ruthenium and Osmium Polypyridine Complexes. ECL Generated via
Coreactants

Complex/coreactant Solvent (electrolyte) E1/2 (V) λem (nm) λecl (nm) φem φecl

Ru(bpy)3
2+/C2O4

2– H2O (0.1 M H2SO4) — 610a 610a — 0.02a,b

Ru(bpy)3
2+/S2O8

2– MeCN–H2O (50:50 v/v) –1.35c 625c 625c — 0.025b,c

Ru(bpy)3
2+/TPrA H2O (0.2 M KH2PO4) — 610d 610d — 1.0e

Ru(bpz)3
2+/ S2O8

2– H2O (0.1 M Na2SO4) ~–0.8Vf 585f 590f — —
Ru(dp-bpy)3

2+/TPrA H2O (0.2 M phosphate buffer) +1.2g — — 0.26g 2.4g

Ru(dp-phen)3
2+/TPrA H2O (0.2 M phosphate buffer) +1.3g — — 0.31g 0.8g

(bpy)2Ru(AZA-bpy)2+/TPrA MeCN–H2O (0.1 M KH2PO4) +1.32h 603h 603h 0.062h 0.84h

(bpy)2Ru(AZA-bpy)2+/TPrA H2O (0.2 M KH2PO4) +1.32i 613i 613i 0.062i 0.51i

(bpy)2Ru(CE-bpy)2+/TPrA H2O (0.1 M Tris) 1.28j,k 650j — 1.0l

(bpy)2Ru(CE-bpy)2+/TPrA MeCN (0.1 M TBAClO4) 1.28j,k — 655j — ~0.5m

(bpy)2Ru(bpy-C19)2+/C2O4
2– H2O(0.5 M Na2SO4) +1.06n 600n,o 680n — —

Ru(bpy)3
2+/ C2O4

2– H2O (0.1 M NaCl+0.1 M KH2PO4) +1.26p — 591p 0.062p 0.0011p

Ru(phen)3
2+/ C2O4

2– H2O (0.1 M NaCl+0.1 M KH2PO4) +1.25p — 585p 0.065p 0.0015p

Ru(dmbp)3
2+/ C2O4

2– H2O (0.1 M NaCl+0.1 M KH2PO4) +1.21p — 594p 0.045p 5×10–3p

Ru(dmphen)3
2+/ C2O4

2– H2O (0.1 M NaCl+0.1 M KH2PO4) +1.12p — 591p — —
(bpy)2Ru(bphb)2+/TPrA MeCN (0.1 M TBAPF6) +1.333q 624q 624q 0.08q 1.5q

MeCN–H2O (50:50 v/v; 0.1 M TBAPF6) — — — — 1.6q

H2O (0.2 M KH2PO4) — — — — 0.058q

(bpy)2Ru(bphb)2+/S2O8
2– MeCN –1.291q 624q 624q 0.08q 0.4q,r

MeCN–H2O (50:50 v/v) — — — — 0.7q

[(bpy)2Ru]2(bphb)4+/TPrA MeCN +1.333q 624q 624q 0.11q 2.6q

MeCN–H2O (50:50 v/v) — — — — 2.8q

H2O (0.2 M KH2PO4) — — — — 2.0q

(continued)
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Table 2 Continued

Complex/coreactant Solvent (electrolyte) E1/2 (V) λem (nm) λecl (nm) φem φecl

[(bpy)2Ru]2(bphb)4+/S2O8
2– MeCN –1.291q 624q 624q 0.11q 0.6q,r

MeCN–H2O (50:50 v/v) — — — — 0.8q,r

(bpy)2Ru(bpy-O-C8)2+ MeCN (0.1 M TBAPF6) +1.214s 618s 618s 0.75s 1.0s,t

Den-8-Ru MeCN (0.1 M TBAPF6) –1.207s 618s 618s 0.75s ~5s,u

Os(bpy)2(dppene)2+/TPrA CH3CN–H2O (50:50 v/v) +1.02v 368v 585v 0.088v 0.95v

Os(bpy)2(dppene)2+/TPrA H2O (0.2 M KH2PO4) +1.16v 368v 589v 0.157v 2.0v

All electrochemical and ECL experiments were referenced with respect to SSCE (0.2360 vs. NHE).
Photoluminescence efficiency with respect to Ru(bpy)3

2+ (φem = 0.082) unless otherwise noted.
Relative ECL efficiency with respect to Ru(bpy)3

2+/TPrA (φecl = 1) unless otherwise noted.
aRef. 22.
bRelative to Ru(bpy)3

2+ annihilation ECL (0.05) in MeCN.
cRef. 24.
dRef. 25.
eAssigned a value of 1.0 for comparison purposes.
fRef. 34.
gRef. 41.
hRef. 45.
iRef. 46.
jRef. 44.
kMeCN (0.1 M TBAP).
lSet to 1.0 for comparison to CE-bpy in MeCN. Relative φecl vs. Ru(bpy)3

2+/TPrA not reported.

mRelative to CE-bpy in H2O (φecl = 1).
nRef. 36.
oIn MeCN.
pRef. 50.
qRef. 8.
rRelative to Ru(bpy)3

2+/S2O8
2– at 1.0.

sRef. 52.
tSet to 1.0 for comparison with Den-8-Ru.
uRelative to (bpy)2Ru(bpy-O-C8)2+ at 1.0.
vRef. 60.
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(Ru(bpy)3
1+) and oxidized (Ru(bpy)3

3+) species (Fig. 1) [5]. Subsequently,
Ru(bpy)3

2+ has become the most thoroughly studied ECL active molecule
[17–20]. This is for a number of reasons, including its strong luminescence and
solubility in both aqueous and nonaqueous media at room temperature and its
ability to undergo reversible one-electron transfer reactions at easily attainable

versatility of polypyridine ligands is also an asset. Furthermore, the overall ECL
efficiency (photons produced per redox event) is a product of the photolumines-
cence quantum yield and the efficiency of production of the excited state.
Ru(bpy)3

2+ has a photoluminescent quantum efficiency (φem) of 0.0682 [21] and
an ECL efficiency (φecl) of 0.0500 [22,24]. Under certain conditions, the annihi-
lation reaction between Ru(bpy)3

1+ and oxidized Ru(bpy)3
3+ produces the emit-

ting charge transfer triplet with an efficiency approaching 100% [17] and is
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Figure 1 (Left) Structure of Ru(bpy)3
2+. (a) ECL emission spectrum of Ru(bpy)3Cl2

from 450 to 800 nm using a cyclic square wave at 0.2 Hz between +1.75 and –1.60 V vs.
Ag reference electrode. (b) Fluorescence emission spectrum of Ru(bpy)3Cl2 in MeCN with
excitation at 500 nm. (From Ref. 5. Copyright 1972 American Chemical Society.)
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potentials, leading to stable reduced and oxidized species (Fig. 2). The synthetic
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comparable with photoluminescence data [23] showing that about 5% of the
excited states produce luminescence.

Many other studies on Ru(bpy)3
2+ have followed, and much of this work

has been reviewed [3,11,12]. For example, the first report of ECL in aqueous
solution involved Ru(bpy)3

2+ and the oxalate ion (C2O4
2–) [22]. Subsequently,

other species were shown to act as coreactants, among them peroxydisulfate [24]
and tri-n-propylamine (TPrA) [25], and Ru(bpy)3

2+ was the ECL luminophore in
each study. The discovery of Ru(bpy)3

2+/TPrA [25] allowed efficient ECL not
only in aqueous media but also at physiological pH. By attachment of a suitable
group to the bipyridine moieties (e.g., n-hydroxysuccinimide), Ru(bpy)3

2+ can be
linked to biologically interesting molecules, such as antibodies or DNA, where it
serves as a label for analysis in an analogous manner to radioactive or fluorescent

Figure 2 Cyclic voltammograms of 1 mM Ru(bpy)3(ClO4)2/MeCN/0.1 M TBABF4 at
a Pt disk microelectrode. (a) Scan from 0.0 to –2.6 V, scan rate = 200 mV/s; (b) scan as in
(a), scan rate = 100 V/s; (c) scan from 0.0 to +1.4 V, scan rate = 200 mV/s. (From Ref. 31.
Copyright 1973 American Chemical Society.)
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labels (Chapter 9) [13,26]. These developments have resulted in a wide range of



analytical applications for ECL in clinical diagnostic assays [13,26] in which
Ru(bpy)3

2+ plays a key role. Added to this is the study of Ru(bpy)3
2+ for use

in liquid chromatography detection [27], the measurement of biologically and
pharmacologically important compounds [e.g., alkylamines, antibiotics, antihis-
tamines, opiates, and the reduced form of NADH (i.e., adenine dinucleotide)]
[4,28], and in environmental applications [29,30], to name a few. In fact, with the
interest in using ruthenium chelates for multiple applications (e.g., solar energy
conversion, catalysis, oxygen sensing, and ECL), one has to hope the world’s
supply of ruthenium doesn’t run out!

Obviously, the wealth of studies on Ru(bpy)3
2+ ECL have eclipsed those

of other ruthenium chelates. However, several papers exist on both mono- and
multimetallic systems that examine ECL from fundamental and applied angles.
For example, the ECL of four ruthenium(II) chelates, including Ru(bpy)3

2+ as a
standard, were reported in acetonitrile solution [31]. The compounds were
Ru(bpy)3

2+, Ru(phen)3
2+ (phen = 1,10-phenanthroline), Ru(TPTZ)2

3+ (TPTZ =
2,4,6-tripyridyl-2-triazine), and Ru(terpy)2

2+ (terpy = 2,2′,2′′-terpyridine) (Fig. 3).

308 Richter

Figure 3 2,2′-Bipyridine (bpy); 1,10-phenanthroline (phen); 2,2′-bipyrazine (bpz);
2,4,6-tripyridyl-2-triazine (TPTZ); 2,2′,2′′-terpyridine (terpy).

Copyright © 2004 by Marcel Dekker, Inc.
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All compounds displayed one-electron oxidation and reduction waves using

ECL via redox reaction of the oxidized and reduced forms (i.e., annihilation),
identified as the lowest triplet MLCT state. Ru(TPTZ)2

3+ displayed no measur-
able ECL under these conditions. Experiments at a rotating ring-disk electrode
(RRDE) were used to generate steady-state ECL for Ru(bpy)3

2+ and yielded an
ECL efficiency of 5–6%.

Another ruthenium chelate that has been studied is Ru(bpz)3
2+ (bpz =2,2′-

particular interest in these studies is that the oxidation and reduction potentials
occur at about 0.5 V more positive than Ru(bpy)3

2+

potential shift may facilitate electrochemical, photochemical, and ECL studies in
aqueous solutions. The first report on Ru(bpz)3

2+ noted ECL characteristic of
Ru(bpz)3

2+* in acetonitrile upon formation of the +3 and +1 states [32]. It was
also noted that the shift in the +3 state compared to Ru(bpy)3

2+ resulted in greater
stabilization of the +2 versus +3 species, with correspondingly weaker ECL in the
bpz versus the bpy complex. Another study [33] measured the temperature
dependence of φecl in acetonitrile, with the aim of further understanding the
mechanism of Ru(bpz)3

2+ annihilation ECL. A bright orange luminescence char-
acteristic of Ru(bpz)3

2+* ECL was also observed in aqueous solution using
S2O8

2– as a reductive–oxidative coreactant [34], suggesting that Ru(bpz)3
2+/

S2O8
2– ECL might be useful for the determination of persulfate in trace amounts.

This suggestion was realized in subsequent work with nanomolar (nM) detection
limits of S2O8

2– achieved [35].
Electrogenerated chemiluminescence has also been measured from a

Ru(bpy)3
2+-based surfactant adsorbed on semiconductor and metal electrodes [36].

ECL was observed from an organized monomolecular layer of (bpy)2Ru(bpy-
C19)2+

The surfactant monolayer was coated on the substrate using Langmuir–Blodgett
methods, and ECL was generated in aqueous oxalate solution upon application of
a positive potential. The ECL of the adsorbed monolayers was easily detectable,
with an emission maximum of ~680 nm (Fig. 5). Interestingly, the emission from
the monolayer on ITO electrodes was 100–1000 times more intense than that on
Pt and Au.

A number of studies of metal chelate ECL in aqueous surfactant solution
have appeared [37–42]. This is due, in part, to the widespread use of surfactants
in both fundamental and applied studies and the observation that changes in
PL and, subsequently, ECL intensities and excited state lifetimes are observed
for many systems in surfactant media. For example, increased ECL efficiencies
(eightfold and greater) and duration of the ECL signal were observed in surfac-
tant media upon oxidation of the coreactant TPrA and Ru(bpy)3

2+

[37,38,42]. However, the mechanism of the surfactant effect is still under study.

Copyright © 2004 by Marcel Dekker, Inc.

cyclic voltammetry (e.g., Fig. 2). The bpy, phen, and terpy compounds showed

bipyrazine) (Fig. 3) using both annihilation and coreactant methodologies. Of

(Fig. 4). Such a positive

(Fig. 5) adsorbed on indium-doped tin oxide (ITO), Pt, and Au electrodes.

(Fig. 6)



The effects of surfactants on Ru(bpy)3
2+/TPrA, [42] and the ruthenium deriva-

tives Ru(dp-bpy)3
2+ and Ru(dp-phen)3

2+ (dp-bpy = 4,4′-biphenyl-2,2′-bipyridyl;
dp-phen = 4,7-diphenyl-1,10-phenanthroline) [41] were attributed to strong
hydrophobic interactions between the ECL luminophore and micellized surfac-
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Figure 4 (a) Cyclic voltammogram of 1 mM Ru(bpz)3
2+(PF6

–)2/MeCN/0.1 M TBAPF6

at a Pt electrode (scan rate 100 mV/s, T = 25°C, Ag wire reference electrode). (b)
Luminescence spectrum of a 10–5 M solution of Ru(bpz)3

2+ in MeCN at room temperature
and ECL spectrum of a 1 mM Ru(bpz)(PF6)2/MeCN/0.1 M TBAPF6 solution (pulsing
limits –0.8 to +1.85 vs. Ag wire reference electrode at +0.5 Hz). (From Ref. 32. Copyright
1983 American Chemical Society.)

Copyright © 2004 by Marcel Dekker, Inc.
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Figure 5 (A) ECL spectrum of monolayer of (bpy)2Ru(bpy-C19)2+ (see structure) on an
In-doped SnO2 electrode in 0.02 M Na2C2O4, 0.4 M Na2SO4 aqueous solution (pH 5.5)
with the electrode at +1.25 V vs. SCE. (B) (1) (ECL emission spectra from a monolayer
of (bpy)2Ru(bpy-C19)2+ (see structure) on metal electrodes and (2) background emissions
of the same electrodes after washing off the monolayer with chloroform, in 0.02 M
Na2C2O4, 0.4 M Na2SO4 aqueous solution (pH 5.5) with a potential step of +1.25 V vs.
SC applied to the electrode at time 0. (a) Pt/mica electrode; (b) Au foil electrode. (From
Ref. 36. Copyright 1988 American Chemical Society.)

Copyright © 2004 by Marcel Dekker, Inc.



tant. However, recent work [38] on the effects of electrode hydrophobicity on
ECL indicate that adsorption of Triton X-100 on Pt and Au electrodes renders the
surface more hydrophobic, facilitating coreactant oxidation and leading to
increased ECL intensities in the Ru(bpy)3

2+/TPrA system. Studies of the effects
of nonionic chain lengths on Ru(bpy)3

2+ / TPrA ECL [37] confirm these results.
Recently, the effect of Triton X-100 at concentrations both below and above the
critical micelle concentration on (bpy)2Ru(DC-bpy) and (bpy)2Ru(DM-bpy) (DC
= 4,4′-dicarboxy-2,2′-bipyridine; DM = 4,4′-dimethyl-2,2′-bipyridine) ECL was
reported relative to Ru(bpy)3

2+ in aqueous solution and aqueous surfactant solu-
tion [39]. ECL was generated using TPrA as a coreactant upon potential sweep
from +0.0 to +1.5 V vs. Ag/AgCl reference electrode. This study clearly showed
that the surfactant effect on the ECL of ruthenium complexes is not limited to
Ru(bpy)3

2+ and that adsorption of surfactant plays a role in the ECL process,
allowing for increased ruthenium and/or TPrA oxidation. Surprisingly, the
hydrophobicity of the ECL luminophore did not lead to dramatic increases or
decreases in ECL efficiency, suggesting that adsorption of TPrA or other factors
contribute to the surfactant effect [5]. Although the effects of micelles and
discrete complexation of the surfactants with Ru(bpy)3

2+ and TPrA cannot
be ruled out, these studies indicate that increases in ECL intensity are probably
due to changes in electrode hydrophobicity upon formation of a surfactant
adsorption layer and less likely due to micelle interactions. Such dramatic

312 Richter

Figure 6 Intensity versus concentration of Triton X-100 plot for Ru(bpy)3
2+ (0.1 µM),

C9H21N (0.05 M), and potassium phosphate buffer (0.2 M). Error bars are ±10%. Triton
X-100 = polyethylene glycol tert-octylphenyl ether, n = 9,10. (From Ref. 42. Copyright
2000 American Chemical Society.) 

Copyright © 2004 by Marcel Dekker, Inc.
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increases in ECL intensity, coupled with work on more efficient ECL labels and
coreactants, may have profound impacts on the sensitivity of ECL for a variety
of applications.

Ruthenium (II) diimine complexes that have phosphonic acid substituents
have been shown to adsorb (via the phosphonic acid substituents) to TiO2-modi-
fied ITO electrodes and undergo ECL [43]. Oxalate ion was used as the coreac-
tant in these systems. It was shown that optically transparent electrodes containing
TiO2 can serve as solid supports for the generation of ECL from adsorbed ruthe-
nium chelates and that the stability of the modified surfaces for sustained ECL
depends on the number of substituents per chromophore.

Recently, the ECL of monometallic ruthenium complexes was extended to
systems containing a crown ether moiety covalently bonded to a bipyridyl ligand.
The ECL of Ru(bpy)2(CE-bpy)2+ [CE-bpy is a bipyridine ligand in which a
crown either (15-crown-5) is bound to the bpy ligand in the 3 and 3′ positions]
[44] and (bpy)2Ru(AZA-bpy)2+ [bpy = 2,2′-bipyridine; AZA-bpy = 4-(N-aza-18-
crown-6-methyl-2,2′-bipyridine)] [45,46] have been reported. Ru(bpy)2(CE-
bpy)2+

(bpy)2Ru(AZA-bpy)2+ has been shown to be sensitive to Pb2+, Hg2+, Cu2+, Ag+,
and K+ in 50:50 (v/v) CH3CN:H2O (0.1 M KH2PO4 as electrolyte) and aqueous

2 4

ECL for sensing metal ions in solution. Also, systems that are capable of sensing
metal ions not directly involved in redox reactions would be useful in a variety of
tests, e.g., in the determination of electrolytes and metal ions in clinical and envi-
ronmental analyses.

Another application of ECL in metal chelates is the detection of β-lacta-
mase activity [47]. Pencillin and its derivatives do not act as coreactants with
Ru(bpy)3

2+ to produce ECL. However, β-lactamase-catalyzed hydrolysis of
pencillin forms a molecule with a secondary amine that can act as a coreactant.
The efficiency of the ECL process has been increased by covalent attachment of
a β-lactamase substrate to a Ru(bpy)3

2+ derivative [48]. The ECL of aminopepti-
dase and esterase cleavage products has also been reported to have been achieved
by covalently attaching such species as ligands to bis(bipyridine)ruthenium(II).
(bpy)2Ru2+ has little to no intrinsic ECL, but attachment of a third ligand leads to
enhanced ECL [49].

In an effort to understand the structure–activity relationships for ECL in
coreactant systems, a series of ruthenium bipyridine complexes were used to
probe the homogeneous oxidation of oxalate and the effect of electrochemical
steps on the ECL emission intensity [50]. ECL was generated by oxidation of
Ru(bpy)3

2+, Ru(phen)3
2+, Ru(bpy)2(dmbp)2+, Ru(dmphen)3

2+, or Ru(dmbp)3
2+

(dmbp = 4,4′-dimethyl-2,2′-bipyridine; dmphen = 4,7-dimethyl-1,10-phenanthro-
line) and oxalate in aqueous solution. The luminescent emission was related to
the driving force for the electron transfer reactions, and the different pathways for

Copyright © 2004 by Marcel Dekker, Inc.

is sensitive to sodium ions in aqueous buffered solution (Fig. 7), and

(0.1 M KH PO ) solution (Fig. 8). These studies clearly show the versatility of



coreactant (i.e., CO2�
–) reaction. Understanding structure–activity relationships

may prove useful in both designing new ECL systems and improving the perfor-
mance of existing systems.

2. Multimetallics

Solution-phase coreactant ECL is quite sensitive, with subpicomolar detection
limits achieved [25]. When the ECL luminophore is bound to a magnetic particle
(the particle can then be captured on the surface of the electrode prior to electro-
chemical stimulation), detection limits as low as 10–18 M are attainable [26].
However, there are many systems where even greater sensitivity is needed, such
as in environmental (where preconcentration of samples is often necessary) and
molecular diagnostics applications, where the detection of as few as 10 molecules
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Figure 7 Electrogenerated chemiluminescence signal intensity as a function of sodium
concentration for solutions containing 0.3 mM Ru(bpy)2(CE-bpy)2+ and 30 mM TPrA in
0.1 M TBAClO4, MeCN; and 0.1 M, pH 7.0 Tris buffer. (From Ref. 44. Copyright 2002
American Chemical Society.)
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would eliminate the need for sample amplification (e.g., via the polymerase chain
reaction). One approach has been to vary the properties of the ECL luminophore.
For example, Ru(bpy)3

2+ has an ECL efficiency of 0.050 [22], or ~5% of the
Ru(bpy)3

2+ molecules that undergo electron transfer generate emission. With
the goal of increasing the magnitude of ECL emission, and therefore increasing
ECL sensitivity and lowering detection limits, the ECL of the bimetallic ruthe-
nium system [(bpy)2Ru]2(bphb)4+ [bphb = 1,4-bis(4′-methyl-2,2′-bipyridin-

independent metal centers through a “bridging ligand” framework. This bimetal-
lic species produced more intense emission (two- to threefold) than Ru(bpy)3

2+

in aqueous and nonaqueous solution using annihilation and coreactant methods

ble in multimetallic assemblies, there must be small electronic coupling between
metal centers via the bridging ligand so that the metal centers are electronically
isolated or “valence trapped” (Robin and Day Class I systems) [51].

This work has recently extended to dendrimeric systems containing eight
Ru(bpy)3

2+

[52]. Preliminary experiments indicated that the ECL of the Ru(bpy)3
2+

dendrimer is five times that of the reference monometallic species. As with the
bimetallic study, spectroscopic and electrochemical studies show that the
Ru(bpy)3

2+ units do not interact in either the ground or excited state and that ECL
(and photoluminescence) emission can be amplified by using multimetallic

Figure 8 Perturbation of ECL emission spectrum of (bpy)2Ru(AZA-bpy)(PF6)2 (0.1
mM) in 50:50 (v/v) CH3CN:H2O upon addition of Pb2+. (A) 0 mM Pb2+, (B) 0.5 mM Pb2+

(five fold excess), and (C) 1 mM Pb2+ (ten fold excess). (From Ref. 45. Copyright 2002
American Chemical Society.)
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(Tables 1 and 2). A key point to this study was that for enhanced ECL to be possi-

4-yl)benzene] was studied (Fig. 9) [8]. The ligand bphb is capable of binding two

units at the periphery (Fig. 10) of a carbosilane dendrimer platform



species. Multimetallic compounds such as these show much promise for use in
analytical applications. However, it has yet to be shown whether these types of
labels will change nucleic acid hybridization or affinity binding of antigens and
antibodies in diagnostic applications.

B. Osmium

Extension of Ru(bpy)3
2+ ECL to osmium systems has been somewhat limited

owing to the larger spin–orbit coupling in osmium systems that results in shorter
excited state lifetimes and weaker emission efficiencies [53,54]. The develop-
ment of osmium based sensors would be advantageous, because osmium systems
are more photostable than their ruthenium analogs. Also, polypyridyl osmium
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Figure 9 Electrogenerated chemiluminescence emission spectra of 1 mM
[(bpy)2Ru]2(bphb)(PF6)4 generated via annihilation (—) and in the presence of TPrA 
(—). MeCN solutions were 1 µM in complex, 0.1 M in TPrA, and 0.1 M in Bu4NPF6,
where appropriate. The annihilation spectrum was generated by alternate pulsing the Pt
electrode potential between +1.65 and –1.10 V. The TPrA spectrum was generated by
pulsing electrode potentials between 0 and +1.65 V via an oxidative–reductive coreactant
sequence. Pulse length 0.1 s. Annihilation spectrum (—) offset 5 nm to the red for clarity.
(From Ref. 8. Copyright 1998 American Chemical Society.)
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complexes usually oxidize at less positive potentials than analogous ruthenium
systems, and this could be important in designing DNA-labeling agents [55].

The first report of ECL in an osmium complex was of Os(phen)3
2+ in DMF

and MeCN using S2O8
2– reduction to generate the excited state [56]. ECL inten-

sities of 40% were obtained in DMF using Ru(bpy)3
2+ at 100% as a relative stan-

dard. The mechanism of the reaction was believed to be electron transfer between
electrogenerated Os(phen)3

+ and SO4
–�. However, it was noted that the relative

ECL intensities do not correlate well with photoluminescence intensities [~32%
for Os(phen)3

2+], indicating that other factors related to the heterogeneous or
homogeneous electron transfer processes may play a role.

Figure 10 Dendritic supramolecular assembly with tris(bipyridyl)ruthenium(II) units.
(From Ref. 52. Copyright 2001 American Chemical Society.)
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Much higher ECL intensities were observed via annihilation in a series
of osmium complexes containing bpy and phen ligands [57]. The complexes were
of the general form Os(bpy)2L2+ or Os(phen)2L2+, with L = 1,2-bis(diphenylphos-
phino)ethane (diphos, Fig. 11), 1,2-bis(diphenylphosphino)methane (dppm),
CH3CN, dimethylsulfoxide (DMSO), 1,2-cis-bis-2-diphenylphosphinoethy-
lene (dppene), and 1,2-bis(diphenylarsinoethane) (dpae). Unlike Os(bpy)3

2+ and
Os(phen)3

2+, many of these complexes show very intense photoluminescence
with efficiencies two to three orders of magnitude higher than Os(bpy)3

2+. The
complexes undergo reversible oxidation and reduction with behavior analogous to
that of Ru(bpy)3

2+ [i.e., a metal-centered (Os2+/3+) oxidation and sequential ligand-
based reductions] (Fig. 11). Therefore, ECL was generated when a platinum elec-
trode in MeCN containing metal complex and electrolyte was pulsed between the
first anodic and cathodic peaks. In many instances, bright orange luminescence
characteristic of the osmium chelate could be observed in a semi-darkened room.
ECL spectra confirmed the identity of the ECL emission as due to an MLCT state
(Fig. 11) [57]. A subsequent study on several of these complexes probed the mech-
anism of ECL and found that there was a good correlation between the observed
ECL intensity and the photoluminescence quantum yield [58]. This indicates that
the ECL excited state may form directly upon annihilation without intervening
deactivation pathways. ECL was also observed when [Os(4,4′-distyryl-2,2′-bipyri-
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Figure 11 Structure of 1,2-bis(diphenylphosphino)ethane (diphos) (Left) Cyclic
voltammograms at 0.2 V/s (0.1 M TBAClO4) for (A) Os(bpy)2(diphos)2+ and (B)
Os(bpy)2(MeCN)2

2+. (Right) Normalized photoluminescence  and ECL emission (—) for
(A) Os(bpy)2(diphos)2+ and (B) Os(bpy)2(MeCN)2

2+. (From Ref. 57. Copyright 1984
Elsevier Science).

Copyright © 2004 by Marcel Dekker, Inc.



Metal Chelate Systems 319

dine)2(bis-1,2-phenylphoninoethane)]2+ was adsorbed on the surface of an elec-
trode via electroreductive polymerization [58]. Although the ECL emission effi-
ciency was weaker than that of electropolymerized Ru(v-bpy)3

2+ (v-bpy =
4-vinyl-4′-methyl-2,2′-bipyridine) the emission intensity was much longer lived
(~2 h), suggesting possible uses in display device technology.

Experiments were designed to study the microenvironmental effects of
micelles on the electrochemical and ECL behavior of Os(bpy)3

2+ [40]. The one-
electron oxidation of Os(bpy)3

2+/3+ near +0.6 V vs. SCE allowed the studies to be
carried out in aqueous solution using oxalate to generate Os(bpy)3

2+*. Anionic
[sodium dodecyl sulfate (SDS)], cationic [cetyltrimethylammonium bromide

tive surfactants. Measurements of changes in oxidation peak current and ECL
intensities at different electrolyte concentrations indicated a strong interaction of
Os(bpy)3

2+ with SDS. Above the cmc, strong hydrophobic interactions between
the osmium chelate and SDS micelles suppress both peak current and ECL inten-
sity. Owing to electrostatic effects, the interaction of Os(bpy)3

2+ and CTAB was
much weaker than that of Os(bpy)3

2+ and SDS, and Triton X-100 does not appear
to have any effect.

The ECL of Os(bpz)3
2+

Os(bpz)3
+ and Os(bpz)3

3+ [59], was more intense than previously studied
osmium(II) tris chelates [56]. An ECL emission maximum was observed at a
wavelength of 700 nm in MeCN, very similar to the photoluminescence spec-
trum, leading to the conclusion that the emitting state species is Os(bpz)3

+*. ECL
was also observed when the electrode potential was scanned from +0.0 to +1.4 V
in an aqueous phosphate buffer solution containing Os(bpz)3

2+ and oxalate [59].
Os(phen)2(dppene)2+

ous and mixed aqueous/nonaqueous solutions using TPrA as coreactant [60]. In
fact, the ECL emission quantum efficiency is twofold that of Ru(bpy)3

2+ in aque-
ous buffered solution. The ECL spectra were identical to photoluminescence
spectra (Fig. 12), indicating formation of the same metal-to-ligand (MLCT)
excited states in both ECL and PL. The ECL is also linear over several orders of
magnitude in aqueous and mixed solution with theoretical detection limits (blank
plus three times the standard deviation of the noise) of 16.9 nM in H2O and 0.29
nM in MeCN–H2O (50:50 v/v). These observations may prove useful in diag-
nostic or environmental applications where greater sensitivity and detection
limits are required than Ru(bpy)3

2+ can provide. The lower potentials required to
excite osmium systems compared to Ru(bpy)3

2+ may also prove useful in DNA
diagnostic applications. However, it will still be necessary to develop other
osmium phosphine systems that can oxidize at even lower potentials, because it
has been well documented that oligonucleotide sequences undergo irreversible
oxidative damage at potentials of 1 V or greater [55].
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(CTAB)], and neutral (Triton X-100, Fig. 6) species were chosen as representa-

(Fig. 5), produced by alternate generation of

(Fig. 12) exhibits electrochemiluminescence in aque-



III. MAIN GROUP ELEMENTS

Electrochemical, photophysical, and ECL data for the main group elements under

A. Aluminum

Annihilation ECL has been used to study solutions of aluminum quinolate/triary-
lamine and related organic complexes that are used in organic light-emitting
diodes (OLEDs) [2,61]. The motivation behind these studies was not only to
probe the mechanism of light emission but also to develop a method to rapidly
screen candidates for OLEDs. For example, some of the most successful OLEDs
created to date are based on tris(8-hydroxyquinoline)aluminum (Alq3) and a

Solution ECL was generated by using “cross-reactions” between radical cations
of triarylamines and radical anions of small-molecule OLED materials (i.e.,
derivatives of Alq3 and quinacridones).

Alq3 + e– → Alq3
�– (1)

TPD → TPD�+ + e– (2)

TPD�+ + Alq3 → Alq3
�+ + TPD (3)
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Figure 12 (A) Photoluminescence spectra of 0.01 mM Os(phen)2(dppene)2+ in aqueous
solution (0.1 M KH2PO4). Excitation wavelengths were at 368 nm with slit widths of 5 nm.
(B) ECL spectra of 0.01 mM Os(phen)2(dppene)2+ in aqueous solution (0.05M TPrA,
0.1M KH2PO4). (From Ref. 60. Copyright 2002 American Chemical Society.)
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both annihilation and coreactant conditions are presented in Table 3.

triarylamine such as 4,4′-bis(m-tolylphenylamino)biphenyl (TPD) (Fig. 13) [62].
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Table 3 Electrochemical, Spectroscopic, and ECL Properties of Main Group Metal Complexes

Complex/reactant Solvent E1/2(ox) (V) E1/2(red) (V) λem (nm) λecl (nm) φem φecl (%)

Please see text for ligand definitions.
Potentials are in volts vs. SSCE (0.2360 vs. NHE) unless otherwise noted.
aECL generated via cross-reaction annihilation methodology (e.g., reaction between Alq3

�– and TPD�+).
bRef. 61.
cVolts vs. Fc/Fc+ (0.631 V vs. NHE).
dRelative to diphenylanthracene (φecl = 6.3%).
eECL generated via coreactant methodology.
fRef. 63.
gAnodic peak potentials (Epa).
hRelative to Ru(bpy)32+ at 0.082.
iRelative to Ru(bpy)32+/TPrA at 1.
jRef. 66.
kNo observed photoluminescence or ECL.

Alq3/TPDa

Alq3/TPDF2
a

Al(qs)3/TPDa

Al(qs)3/TPDF2
a

Al(HQS)3/TPrAe

SiPc(OR)2

SiNc(OR)2

RO(SiPcO)2R

50:50 v/v MeCN–toluene
(0.1 M TBAPF6)
50:50 v/v MeCN–toluene
(0.1 M TBAPF6)
50:50 v/v MeCN–toluene
(0.1 M TBAPF6)
50:50 v/v MeCN–toluene
(0.1 M TBAPF6)
H2O (0.2 M KH2PO4)
CH2Cl2 (0.1 M TBAP)
CH2Cl2 (0.1 M TBAP)
CH2Cl2 (0.1 M TBAP)

+0.73b,c

+0.73b,c

+1.04b,c

+1.04b,c

0.56f,g 1.21g

+1.00j

+0.58, +1.24j

+0.72, +1.20j

–2.30b,c

–2.30b,c

–1.98b,c

–1.98b,c

499f

–0.90,–1.48j

–1.02,–1.56j

–0.82,–1.22j

527b

527b

505b

505b

4
99f

~684j

~792j

—k

510b

510b

510b

510b

499f

725j

828j

—k

—

—

—

—

0.06f,h

—
—
—

0.09b,d

0.18b,d

0.03b,d

0.10b,d

0.002f,i

—
—
—

Copyright © 2004 by Marcel Dekker, Inc.



Alq3
�+ + Alq3

�– → Alq3*s + Alq3 (4)

Alq3
�– + TPD�+ → Alq3*s + TPD (5)

Alq3*s → Alq3 + hν (6)

where *s refers to the excited singlet state. Voltammetric and ECL studies clearly
show that the excited state formed in ECL is the same as that formed using elec-
troluminescence (i.e., in solid-state OLED devices) (Fig. 13).

More recently, tris(8-hydroxyquinoline-5-sulfonic acid)aluminum(III)
[Al(HQS)3] was generated in situ in aqueous buffered solutions, and its ECL was
measured [63]. The chelating ligand 8-hydroxyquinoline (Fig. 13) and its analogs
occupy an important place in analytical chemistry, perhaps second only to EDTA
and its derivatives. Of special interest is the intense luminescence exhibited by
many metal complexes containing 8-hydroxyquinoline-type ligands, including
Al(HQS)3 [64,65], such that new applications for these chelates are continually
being developed (e.g., chromatography and OLEDs [61,62]). Of particular inter-
est are derivatives such as HQS that are water-soluble and retain the lumines-
cence properties of the 8-hydroxyquinoline parent complex. Therefore, the ECL
of Al(HQS)3

322 Richter

Figure 13 Data points: ECL response for a typical double potential step experiment
involving Alqs3

–
�/TPD+

� (qs = sulfonamide derivative of q). Curves of Electroemissive
response from OLEDs involving either Alq3 or Al(qs)3. (From Ref. 2. Copyright 1998
American Chemical Society.)

Copyright © 2004 by Marcel Dekker, Inc.

was measured using TPrA in aqueous buffered solution (Fig. 14).
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Conditions for ECL emission were optimized with the ECL correlating to
aluminum concentration over several orders of magnitude. The ECL of several
metal ions other than aluminum with HQS and effects on Al(HQS)3 ECL were

Figure 14 (a) ECL intensity versus potential for 4.1 × 10–4 M (250 ppm) Al(HQS)3
2+

and 0.05 M TPrA in aqueous solution (0.2M KH2PO4). (b) (A) Photolumiminescence of
0.4 mM solution of Al(HQS)3 (slit widths 3 nm) in 0.2 M KH2PO4 and (B) electrochemi-
luminescence of 0.4 mM solution of Al(HQS)3 (slit widths 10 nm) in 0.2 M
KH2PO4/0.05M TPrA. ECL spectrum offset by 100 nm to the red for clarity.

Copyright © 2004 by Marcel Dekker, Inc.



also examined. Only two, cadmium(II) and zinc(II), showed any significant
effect, and both led to ~50% enhancement of the ECL emission.

B. Silicon

Although they are technically semimetals or metalloids, the ECL of silicon
compounds [66] and silicon nanocrystal quantum dots [67] have been reported.

Phthalocyanine compounds often show high thermal and chemical stability as
well as interesting optical and electrical properties. Therefore, the synthesis,
spectral characterization, and electrochemical behavior of bis(tri-n-hexyl-
siloxy)(2,3-phthalocyanato)silicon SiPc(OR)2 and its naphthocyanine analog
SiNc(OR)2 were reported [OR = OSi(n-C6H13)3] (Fig. 15) in dichloromethane
(CH2Cl2)[66]. There were two reversible oxidations for SiPc(OR)2 and one
reversible reduction, whereas SiNc(OR)2 generated two reversible reductions and
one reversible oxidation. Both compounds emit upon electrochemical generation
of the oxidized and reduced forms (annihilation ECL) with emission maxima in
the visible (684 nm) for [SiPc(OR)2] and in the near-infrared (792 nm) for
SiNc(OR)2. Interestingly, no fluorescence or ECL was observed from the dimer
of the phthalocyanine derivative (n-C6H13)3SiO(SiPcO)2Si(n-C6H13)3.

324 Richter

Figure 15 Structures of SiPc(OR)2 and SiNc(OR)2, where OR = OSi(n-C6H13)3.
(From Ref. 66. Copyright 1984 American Chemical Society.)

Copyright © 2004 by Marcel Dekker, Inc.

The ECL of the latter is discussed in Chapter 11, so we focus on the former here.
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C. Thallium

aluminum cathodes during the reduction of persulfate, oxygen, or hydrogen
peroxide. In this manner emission has been obtained from thallium(I) ions
adsorbed in the electrode’s oxide layer [68]. This “cathodic” luminescence is
often termed “electrogenerated chemiluminescence” in the literature and may
prove useful in practical applications. However, the mechanism is distinctly
different than that of most other types of ECL reactions (e.g., annihilation, core-
actant), so it will not be discussed in more detail.

To the best of our knowledge, only one other report of light emission from
thallium via electrochemical methods has been reported. This emission comes
from a somewhat surprising source. Low-level ECL has been obtained from
blood extracted from tunicates (“sea-squirts”), a class of marine invertebrates
[69]. Although the exact source of the low-level ECL is not known, it is believed
to emanate from metal ion tunichrome complexes, because a synthetic analog of
the tunichrome chromophore showed a tenfold ECL enhancement in the presence
of Tl+ (also see mercury in Section IV.D).

IV. FIRST ROW TRANSITION METALS

Electrochemical, photophysical, and ECL data for the first row transition

A.

The electrochemical reduction of Cr(bpy)3
3+ and Cr(4,4′-Me2bpy)3

3+ (4,4′-
Me2bpy = 4,4′-dimethyl-2,2′-bipyridine) in aqueous solution containing persul-
fate (S2O8

2–; reductive–oxidative coreactant) resulted in emission characteristic
of the chromium metal-to-ligand charge transfer (MLCT) state [56]. The ECL
emission intensity of Cr(bpy)3

3+ in water was approximately 25% that of
Ru(bpy)3

2+ in dimethylformamide (DMF), and that of Cr(4,4′-Me2bpy)3
3+ was

approximately 75%. These values correlate well with photoluminescence effi-
ciencies. The following mechanism was proposed for ECL emission in the
chromium chelates with S2O8

2–:

Cr(bpy)3
3+ + e– → Cr(bpy)3

2+ (7)

S2O8
2– + e– → SO4

2– + SO4
–� (8)

Cr(bpy)3
2+ + SO4

–� → *Cr(bpy)3
3+ + SO4

2– (9)

*Cr(bpy)3
3+ → Cr(bpy)3

3+ + hν (10)

Copyright © 2004 by Marcel Dekker, Inc.

As discussed in Chapter 1, light can be emitted at certain oxide-covered

metals under both annihilation and coreactant conditions are presented in

Chromium Complexes

Table 4.
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Table 4 Electrochemical, Spectroscopic, and ECL Properties of First Row Transition Metal Complexes

Complex Solvent (electrolyte) E1/2(ox) (V) E1/2(red) (V) λem (nm) λecl (nm) φem φecl

Cr(bpy)3
3+a MeCN (0.1 M TBAP) — — 730b 730b — —

Cr(CN)6
3–a MeCN (0.1 M TBAP) ≥2.0 Vb,c –1.75b,c 800b 800b — ~3×10–4,b,d

Cr(bpy)3
3+/S2O8

2–e H2O (0.1 M NaCl) — –0.26f 727f 727f 0.02f 0.25f,g

Cr(4,4′-Me2bpy)3
3+/S2O8

2–e H2O (0.1 M NaCl) — –0.46f 727f 727f 0.06f 0.45f,g

Cr(phen)3
3+/S2O8

2–e H2O (0.1 M NaCl) — –0.28f 727f 727f 0.10f 0.08f,g

Cr(5-Cl-phen)3
3+/S2O8

2–e H2O (0.1 M NaCl) — –0.17f 727f 727f 0.08f 0.07f,g

[Cu(pyridine)I]4
a CH2Cl2 (0.1 M TBABF4) +0.8h –0.8,–1.6h 698h 698h 0.05h —

Cu(dmp)2(PF6)2/TPrAe MeCN (0.1 M TBAPF6) +0.52i — 519,642i — 0.04i,j 0.004i,k

Cu(dmp)2(PF6)2/TPrAe MeCN–H2O (50:50 v/v;
0.1 M KH2PO4) +0.52i — 519,642i — 0.04i,j 0.002i,k

Cu(dmp)2(PF6)2/TPrAe H2O (0.1 M KH2PO4) +0.52i — 519,642i — 0.04i,j 0.001i,k

Please see text for ligand definitions.
Potentials are in volts vs. SSCE (0.2360 vs. NHE) unless otherwise noted.
Photoluminescence efficiencies relative to Ru(bpy)3

2+ (φem = 0.082) unless otherwise noted.
aECL generated via annihilation.
bRef. 71.
cVs. Ag wire quasi-reference electrode.
dRelative to Ru(bpy)3

2+ at 0.05.
eECL generated via the listed coreactant.
fRef. 56.
gRelative to Ru(bpy)3

2+/S2O8
2– at 1.

hRef. 72.
iRef. 75.
jIn CH2Cl2.
kRelative to Ru(bpy)3

2+/TPrA at 1.

Copyright © 2004 by Marcel Dekker, Inc.
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Very weak ECL was also observed for Cr(phen)3
3+ and Cr(5-Cl-phen)3

3+ (5-Cl-
phen = 5-chloro-1,10-phenanthroline) [56].

Recently, reductive–oxidative ECL of Cr(bpy)3
3+ was used to detect S2O8

2–

at glassy carbon electrodes [70]. A linear detection range of 7 × 10–6 to 1 × 10–4

M with a theoretical detection limit of 1 × 10–6 M were obtained at a potential
of –0.5 V (vs. Ag/AgCl). Although these detection limits were lower than those
of Ru(bpy)3

2+ and Ru(bpz)3
2+

considerably more positive in Cr(bpy)3
3+, indicating that the reduction of water

may have been avoided with the chromium system.
The ECL of a non-polypyridyl chromium(III) species has also been

reported. ECL in Cr(CN)6
3– was generated via an annihilation pathway in

Cr(IV) oxidation state is usually inaccessible in aprotic solution (i.e., DMF,
MeCN, DMSO). ECL spectra characteristic of the 2Eg excited state of Cr(CN)6

3–

were obtained in all three-solvents when the working electrode was pulsed
between +2.2 and –2.0 V (vs. an Ag quasi-reference electrode). ECL was not
observed when anodic limits of less than +2.0 V were applied, indicating that the
oxidant produced at these potentials is from background processes. The identity
of the oxidant is unclear, but from electrochemical evidence it is not believed to
be Cr(CN)6

4–, indicating that “cross-reaction” ECL is taking place between
Cr(CN)6

2– and another electrogenerated species in solution. This methodology
was also used to generate ECL in Cr(bpy)3

3+ [71].

B. Copper Complexes

Several studies have appeared on the ECL of copper systems. The first, to our
knowledge, involved the polynuclear complex [Cu(pyridine)I]4 [72]. [Cu(pyri-
dine)I]4 is one of a rare group of complexes containing metal–metal bonds that
display photoluminescence in fluid solution at room temperature [other examples
include Pt2(diphosphonate)2

4– (ECL discussed below) and Mo6Cl12]. ECL was
generated using a terminal voltage of 5 V and a frequency of 1 Hz. Although the
ECL was very weak compared to photoluminescence intensities, it was possible
to assign the emission to the lowest excited state of the complex. The poor ECL
efficiencies were attributed to the instability of the reduced and oxidized electro-
generated products (e.g., quasi reversible to irreversible cyclic voltammetric
waves). The solvent (CH2Cl2) was also believed to play a role in ECL generation
because it reduces at –2.33 V vs. SCE, much lower than the 5 V needed to gener-
ate the [Cu(pyridine)I]4 excited state [72].

Cathodically generated luminescence was also observed for Cu(II) ion
adsorbed onto an aluminum oxide electrode, and Cu(II) complexes containing
bpy and ethylenediamine-type ligands [73].

Copyright © 2004 by Marcel Dekker, Inc.

(2,2′-bipyrazine) (Fig. 5) the applied potential was

nonaqueous solvents (Fig. 16) [71]. This is somewhat surprising, because the



A diaminotoluene isomer produces weak ECL in the presence of Cu2+ ions
with the use of TPrA [74]. Because of the weak nature of the ECL it was not
possible to characterize the nature of the emitting state (e.g., ECL spectra), so
extreme care must be taken when making mechanistic arguments. However, the

328 Richter

Figure 16 (a) Cyclic voltammogram of 2 mM Cr(CN)6
3–/Me2SO/0.05M TBAClO4, for

scan rates of 20, 100, 200, and 400 mV/s (hanging mercury drop working electrode). (b)
(A) ECL spectrum of a 2.5 mM Cr(CN)6

3–/MeCN/0.1 M TBAClO4 solution (pulsing
limits +2.2 and –2.0 V vs. Ag quasi-reference electrode at 0.5 Hz; Pt working and auxil-
iary electrodes). (B) Photoluminescence spectrum of a 2.5 mM Cr(CN)6

3–/MeCN solution
on 365 nm excitation. (From Ref. 71. Copyright 1987 American Chemical Society.)

Copyright © 2004 by Marcel Dekker, Inc.
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ECL was believed to generate from copper diaminotoluene chelates. Despite the
weak ECL, it was possible to detect the ligand using Cu(II) in the parts per
million range.

In the previous examples, ECL was generated from copper in the +2 oxida-
tion state. More recently, ECL from Cu(I) chelates has been reported [75]. Cu(I)
bis-phenanthroline (i.e., [Cu(NN)2]+) complexes have long been known to show
interesting photophysical properties. For example, excitation into the visible
MLCT band of Cu(dmp)2(PF6) (dmp = 2,9-dimethyl-1,10-phenanthroline, Fig. 17)

Figure 17 (a) ECL intensity versus potential for 3 µM Cu(dmp)2
+ in (A) CH3CN and

(B) 50:50 (v/v) CH3CN:H2O. (b) Cyclic voltammogram of Cu(dmp)2
+ in 50:50 (v/v)

CH3CN:H2O (0.2 M KH2PO4). (From Ref. 75. Copyright 2001 American Chemical
Society.)

Copyright © 2004 by Marcel Dekker, Inc.



results in φem(CH2Cl2) = 0.02% and τ ≅ 85 ns [76,77]. They also display strong
visible absorptions and ground-state and excited state redox potentials that, like
their Ru(II) counterparts, make them potentially useful in applications such as
solar energy conversion, molecular sensing, and photocatalysis. They are also
easier to synthesize and purify than their ruthenium analogs. ECL was observed for
Cu(dmp)2

+ in aqueous, nonaqueous, and mixed solvent solutions using tri-n-

sity peaks a potential corresponding to oxidation of both the coreactant and
Cu(dmp)2

+. The peak potential corresponding to maximum ECL emission was
approximately 500 mV more positive than corresponding oxidative peak poten-
tials, indicating that the ECL emission may be due to the formation of either the
*Cu(dmp)2

+ metal-to-ligand charge transfer excited state or an excited state prod-
uct of Cu(dmp)2

+ oxidation. ECL efficiencies (φecl = photons generated per redox
event) were solvent-dependent [(φecl (CH3CN) > φecl (50:50 (v/v) CH3CN:H2O) >
φecl (H2O)] and corresponded fairly well with photoluminescence efficiencies.
Increased ECL efficiencies (≥50-fold) were observed in the presence of the
nonionic surfactant Triton X-100.

The work described above on Cu(dmp)2
+/TPrA ECL has been extended to

the detection of copper ions in aqueous sample solutions. ECL has been observed
from aqueous solutions of Cu(dmp)2

+ generated in situ from copper ions and dmp
[78]. In fact, the ligand dmp has been known for more than 50 years to be a
specific chelator for Cu+ [79]. ECL is generated by reducing Cu2+ ions to Cu+ with
hydroxylamine hydrochloride and then complexing with the chelating agent 2,9-
dimethyl-1,10-phenanthroline to form Cu(dmp)2

+ (Fig. 17), followed by oxidation
in the presence of tri-n-propylamine. The ECL intensity peaks at a potential corre-
sponding to oxidation of both TPrA and Cu(dmp)2

+, indicating that the emission
is from a Cu(dmp)2

+ MLCT excited state (e.g., much like that in Fig. 17a).
Conditions for ECL emission were optimized and used to generate a calibration
curve that was linear over the 0.1–5 mg/L (ppm) range. The theoretical limit of
detection was 6 µg/L (ppb), with a practical limit of detection of 0.1 ppm, well
below the U.S. EPA federal standard of 1.3 ppm for copper in drinking water. The
ECL of several metal ions other than copper with dmp and effects on Cu(dmp)2

+

ECL were also examined. This work suggests that Cu/dmp ECL may find use as
a detection method in analytical applications such as liquid chromatography, flow
injection analysis, or the determination of copper in aqueous samples.

V. SECOND AND THIRD ROW TRANSITION METALS

Electrochemical, photophysical, and ECL data for the second and third row tran-
sition metals under both annihilation and coreactant conditions are presented in
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Tables 5 and 6, respectively.

propylamine as an “oxidative–reductive” coreactant (Fig. 17) [75]. The ECL inten-
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Table 5 Electrochemical, Spectroscopic, and ECL Properties of Second and Third Row Transition Metal Complexes. ECL Generated
Via Annihilation.

Complex Solvent (electrolyte) E1/2(ox) (V) E1/2(red) (V) λem (nm) λecl (nm) φem φecl

(continued)

Ir(ppy)3

Ir(ppy)3

Ir(ppy)3

[Ir(COD)(µ-pz)]2

[Ir(COD) (µ-mpz)]2

[Ir(COD) (µ-dmpz)]2

Mo6Cl14
2–

Mo6Cl14
–/D–h

Mo6Cl14
3–/A+k

Mo2Cl4(PMe3)4

Pt(TPP)
Pd(TPP)
Pt2(P2H2O5)4

4–

Pt2(P2H2O5)4
4–/Bu4N+q

Pt(thpy)2

Pt(q)2

Pt2(dba)3

Pt3(tbaa)3

Pt2(dba)3

Pt3(tbaa)3

Pt(OEP)
Re(CO)3Cl(phen)
Re(CO)3Cl(4,7-

diphenylphen)
Re(CO)3Cl

(phen)/THPO*
Re(CO)3Cl(phen)

MeCN (0.1 M TBABF4)
Benzonitrile
MeCN (0.1 M TBAPF6)
THF (0.3 M TBABF4)
THF (0.3 M TBABF4)
THF (0.3 M TBABF4)
MeCN (0.1 M TBAP)
CH2Cl2 (0.1 M TBAP)
CH2Cl2 (0.1 M TBAP)
THF (0.1 M TBABF4)
CH2Cl2 (0.1 M TBAP)
CH2Cl2 (0.1 M TBAP)
MeCN (0.1 M TBABF4)
MeCN (0.1 M TBABF4)
DMF (0.1 M TBAP)
MeCN (0.005 M TBABF4)
CH2Cl2 (0.1 M TBAP)
CH2Cl2 (0.1 M TBAP)
CH2Cl2 (0.1 M TBAP)
CH2Cl2 (0.1 M TBAP)
CH2Cl2 (0.1 M TBAPF6)
MeCN (0.1 M TBAClO4)
MeCN (0.1 M TBAClO4)

MeCN (0.1 M TBABF4)

MeCN (0.1 M TBAPF6)

+0.7a

—
+1.06c,d

+0.342f

+0.318f

+0.279f

+1.56g

+1.56i

l
+0.69m

+0.82d,o

+1.01d,o

—
+0.5d,r,s

+0.82s,t

+0.9a

—
+1.05d,u

—
—

~+0.8c,d

+1.33w

+1.32w

—

+0.98s,z,aa

~–1.9a

—
–2.34c,d

–2.492f

–2.487f

–2.510f

–1.53g

j
–1.53i

–1.78m

–1.46d,o

–1.45d,o

—
—

–1.77t

–1.7a

—
–1.1d,u

—
—

~–1.6c,d

–1.34w

–1.30w

—

–1.74z,aa

495a

530b

510c

682f

—
714f

700g

~700i

~700i

680m

654o

700o

517p

512r

580t

650a

782u

782u

726u

724u

619c

598w

610w

610y

601z

—
530b

510c

694f

—
719f

700g

~700i

~700i

680m

656o

700o

517p

512r

580t

>530a

~780u

~780u

—
—

619c

598w

610w

610y

601z

—
—
—
—
—
—

0.19g

—
—

0.13m

—
—
—
—
1.2t

0.01a

0.95u,v

1.05u,v

0.29u,v

0.28u,v

—
—
—

—

0.0026z

—
—

0.14c,e

—
—
—
—
—
—

0.002m,n

—
—
—
—

0.005n,t

—
—
—
—
—

0.02c,d

—
—

—

6.410–4 z

Copyright © 2004 by Marcel Dekker, Inc.
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Complex Solvent (electrolyte) E1/2(ox) (V) E1/2(red) (V) λem (nm) λecl (nm) φem φecl
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Please see text for ligand definitions.
Potentials are in volts vs. SSCE (0.2360 vs. NHE) unless otherwise noted.
Photoluminescence efficiencies relative to Ru(bpy)3

2+ (φem = 0.082) unless other-
wise noted.
aRef. 72.
bRef. 86.
cRef. 87.
dAg wire quasi-reference electrode.
eRelative to diphenylanthracene at 0.063.
fRef. 91.
gRef. 93.
hECL generated via cross-reaction between Mo6Cl14

– and electroactive donor
species (D–; nitroaromatic radical anions).
iRefs. 95–97.
jPotential varies based on the nature of D–.
kECL generated via cross-reaction between Mo6Cl14

3– and electroactive acceptor
species (A+; aromatic amine radical cations).
lPotential varies based on the nature of A+.
mRef. 99.
nRelative to Ru(bpy)3

2+ at 0.05.
oRef. 100.
pRef. 101.

Re(CO)3Cl (2,9-Me2phen)
Re(CO)3Cl (5,6-Me2phen)
Re(CO)3Cl (4,7-Me2phen)
Re(CO)3Cl(3,4, 7,8-

Me2phen)
Re(CO)3Cl(bpy)
Re(CO)3Cl(4,4’-Me2bpy)

MeCN (0.1 M TBAPF6)
MeCN (0.1 M TBAPF6)
MeCN (0.1 M TBAPF6)
MeCN (0.1 M TBAPF6)

MeCN (0.1 M TBAPF6)
MeCN (0.1 M TBAPF6)

+0.98z,aa

+0.96s,z,aa

+0.94s,z,aa

+0.95s,z,aa

+0.98s,z,aa

+0.93s,z,aa

–1.84z,aa

–1.76z,aa

–1.85z,aa

–2.01z,aa,bb

–1.75z,aa

–1.84z,aa

595z

599z

588z

599z

609z

599z

595z

599z

588z

599z

609z

599z

0.012z

0.022z

0.044z

0.0044z

0.023z

0.017z

5.1�10–4 z

4.2�10–4 z

0.0011z

3.1�10–5 z

2.9�10–4 ,z

6.9�10–4, z

qECL generated via cross-reaction between Pt2(P2H2O5)4
5– and tetrabutylammonium

cation (Bu4N+).
rRef. 102.
sAnodic peak potential (Epa).
tRef. 105.
uRef. 106.
vRelative to Cr(bpy)3(ClO4)2.
wRef. 107.
xECL generated via cross-reaction between Re(CO)3Cl(phen)+ and α-tetralone
(produced on decomposition of THPO–).
yRefs. 72 and 108.
zRef. 109.
aa Volts vs. Fc/Fc+ (0.631 V vs. NHE).
bb Cathodic peak potential (Epc).
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Table 6 Electrochemical, Spectroscopic, and ECL Properties of Second and Third Row Transition Metal Complexes. ECL Generated
via Coreactants.

Complex/coreactant Solvent (electrolyte) E1/2 (V) λem (nm) λecl (nm) φem φecl

Please see text for ligand definitions.
Potentials are in volts vs. SSCE (0.2360 vs. NHE) unless otherwise noted.
Photoluminescence efficiencies relative to Ru(bpy)3

2+ (φem = 0.082) unless otherwise noted.
aRef. 91.
bRef. 88.
cRelative to Ru(bpy)3

2+/TPrA at 1.0.
dRef. 99.

[Ir(COD)(µ-pz)]2/C2O4
2–

[Ir(COD)(µ-dmpz)]2/ C2O4
2–

Ir(ppy)3/TPrA
Ir(ppy)3/TPrA

Ir(ppy)3/TPrA
Mo2Cl4(PMe3)4/S2O8

2–

Mo2Cl4(PMe3)4/C2O4
–

Pt(thpy)2/S2O8
2–

Re(CO)3Cl(phen)/ S2O8
2–

Re(CO)3Cl(2,9-Me2phen)/ S2O8
2–

Re(CO)3Cl(5,6-Me2phen)/ S2O8
2–

Re(CO)3Cl(4,7-Me2phen)/ S2O8
2–

Re(CO)3Cl(3,4,7,8-Me4phen)/ S2O8
2–

Re(CO)3Cl(bpy)/ S2O8
2–

Re(CO)3Cl(4,4′-Me2bpy)/ S2O8
2–

Re(CO)3Cl(phen)/ TPrA
Re(CO)3Cl(2,9-Me2phen)/TPrA
Re(CO)3Cl(5,6-Me2phen)/TPrA
Re(CO)3Cl(4,7-Me2phen)/TPrA
Re(CO)3Cl(3,4,7,8-Me4phen)/TPrA
Re(CO)3Cl(bpy)/TPrA
Re(CO)3Cl(4,4′-Me2bpy)/TPrA

THF (0.3 M TBABF4)
THF (0.3 M TBABF4)
MeCN (0.1 M TBAPF6)
MeCN:H2O (50:50 v/v;
0.1 M KH2PO4)
H2O (0.1 M KH2PO4)
THF (0.1 M TBABF4)
THF (0.1 M TBABF4)
DMF (0.1 M TBAP)
MeCN (0.1 M TBAPF6)
MeCN (0.1 M TBAPF6)
MeCN (0.1 M TBAPF6)
MeCN (0.1 M TBAPF6)
MeCN (0.1 M TBAPF6)
MeCN (0.1 M TBAPF6)
MeCN (0.1 M TBAPF6)
MeCN (0.1 M TBAPF6)
MeCN (0.1 M TBAPF6)
MeCN (0.1 M TBAPF6)
MeCN (0.1 M TBAPF6)
MeCN (0.1 M TBAPF6)
MeCN (0.1 M TBAPF6)
MeCN (0.1 M TBAPF6)

+0.342a

+0.279a

+0.71b

+0.53b

+0.51b

–1.78d

–1.78d

–1.77f

–1.74g,h,i

–1.84g,h,i

–1.76g,h,i

–1.85g,h,i

–2.01g,h,i

–1.75g,h,i

–1.84g,h,i

+0.98g,h,k

+0.98g,h,k

+0.96g,h,k

+0.94g,h,k

+0.95g,h,k

+0.98g,h,k

+0.93g,h,k

682a

714a

517b

507,532b

507,532b

680d

680d

580f

601g

595g

599g

588g

599g

609g

599g

601g

595g

599g

588g

599g

609g

599g

694a

719a

517b

517b

517b

680d

—e

—e,f

601g

595g

599g

588g

599g

609g

599g

601g

595g

599g

588g

599g

609g

599g

—
—

0.14b

0.10b

0.08b

0.13d

0.13d

—
0.0026g

0.012g

0.022g

0.044g

0.0044g

0.023g

0.017g

0.0026g

0.012g

0.022g

0.044g

0.0044g

0.023g

0.017g

—
—

0.33b,c

0.0044b,c

0.00092b,c

—
—
—

0.0011g,j

0.0012g,j

0.0054g,j

0.030g,j

0.0049g,j

0.0031g,j

0.0043g,j

0.087c,g

0.12c,g

0.12c,g

0.22c,g

0.0027c,g

0.52c,g

0.40c,g

eWeak ECL such that no spectrum was obtained.
fRef. 105.
gRef. 109.
hVolts vs. Fc/Fc+ (0.631 V vs. NHE).
iCathodic peak potential (Epc).
jRelative to Ru(bpy)3

2+/S2O8
2– at 1.0.

kCathodic peak potential (Epa).
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A. Cadmium

An ECL system has been developed to detect cadmium ions in aqueous solution
using TPrA as coreactant [80]. Various organic compounds were screened and
shown to give ECL with Cd(II), with 1,10-phenanthroline giving the highest
sensitivities and lowest detection limits. A linear range of 0.05–1 ppm with a
detection limit [signal-to-noise ratio (S/N) = 3] of 4.9 ppb was achieved. The
ECL of numerous metal ions with cadmium(II) and 1,10-phenanthroline in solu-
tion showed that many divalent ions interfere quite strongly with the cadmium
ECL process [80]. This is not surprising, because 1,10-phenanthroline is known
to bind many other metal ions, including those that have been shown to display
ECL (e.g., Ru, Os, and Re). In an effort to improve both the efficiency of ECL
emission (i.e., sensitivity) and the selectivity of this process, the effects of
nonionic surfactant and ligand modification on the cadmium/TPrA emission
system was explored [81]. Of the ligands studied (phenanthroline, bathophenan-
throline salt, terpyridine, dimethylphenanthroline, and bipyridine), phenanthro-
line has the highest specificity for cadmium(II) ECL. The surfactant effect on
ECL is currently an area of active research and has been shown to increase the
sensitivity of Ru(bpy)3

2+ ECL by up to tenfold [37–39]. Much like Ru(bpy)3
2+/

TPrA ECL, Triton X-100 had the greatest effect on Cd(II)-phen/TPrA with an
approximately twofold increase in ECL intensity at 2% Triton X-100 by weight
[81]. This may reflect greater adsorption of Cd-phen complexes in the hydropho-
bic Cd-Phen micelle or, as is seen in ruthenium [37–39], iridum [82], and copper
systems [75], adsorption of a surfactant layer on the electrode.

B. Gold

2,4-Diaminotoluene forms a weakly electrochemiluminescent compound with
Au+ [74]. As with copper(II) in the presence of 3,4-diaminotoluene (Section
IV.B), it was possible to detect the ligand in the ppm range. Because many
aminoaromatic ligands and compounds are associated with the degradation of
explosives, this work suggests that solution ECL can be used to detect both
ligands and metals in aqueous solution.

C. Iridium

Ortho-metalated complexes of Ir(III) show interesting photophysical properties.
For example, excitation into the visible metal-to-ligand charge transfer (MLCT)
band of Ir(ppy)3

time of approximately 100 ns in CH2Cl2 and 5 µs in toluene [83]. They also
display strong visible absorptions and ground-state and excited state redox poten-
tials that, like their Ru(II) counterparts, make them potentially useful in applica-
tions such as solar energy conversion, molecular sensing, and ECL.
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(ppy = 2-phenylpyridine) (Fig. 18) results in an excited state life-



Weak ECL was reported for Ir(ppy)3 in acetonitrile using the following
reaction sequence to generate the excited state [72]:

Ir(ppy)3 + e– → Ir(ppy)3
– (E1/2 ≈ –1.9 V vs. SCE) (11)

Ir(ppy)3 → Ir(ppy)3
+ + e– (E1/2 = +0.7 V vs. SCE) (12)

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

– → Ir(ppy)3* + Ir(ppy)3 (13)

Ir(ppy)3* → Ir(ppy)3 + hν (14)

However, no ECL efficiencies and spectra were reported, making assignments of
the ECL emission difficult.

Despite the weak ECL efficiency, the corresponding electroluminescent
emission (EL) is quite intense (≤7%), so Ir(ppy)3 has been incorporated into
numerous EL devices. For example, the recent demonstration [84] of highly effi-
cient green electrophosphorescence (i.e, electroluminescence) from Ir(ppy)3

doped into a dicarbazole-biphenyl host, and subsequent work on a series of ortho-
metalated iridium complexes with fluorinated aromatic ligands that emit over
a wide color range [85] opens up the possibility of using these types of systems
in organic light-emitting devices (OLEDs) such as flat panel displays. This has
prompted a reinvestigation of the solution ECL of ortho-metalated iridium
systems. In one study solution ECL was observed for Ir(ppy)3 in benzonitrile via
annihilation [86]. In this work, a thin-layer cell composed of glass/indium-tin
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Figure 18 Absorbance of 10 µM Ir(ppy)3 in CH2Cl2 (dashed line), photoluminescence
(solid line) of 10 µM Ir(ppy)3 in MeCN with an excitation wavelength of 380 nm, and ECL
spectral response (dotted line) of 0.5 mM Ir(ppy)3 in 50:50 MeCN:benzene containing 0.1
M TBAPF6. (From Ref. 87.)

Copyright © 2004 by Marcel Dekker, Inc.



oxide (ITO)/emitting solution/ITO/glass was used, and an ECL emission spec-
trum characteristic of Ir(ppy)3* was observed.

The role of the excited triplet in the ECL of Ir(ppy)3

[87]. Radical cations and anions of Ir(ppy)3 were generated in acetonitrile and
acetonitrile–benzene solutions and recombined to produce ECL. The light gener-
ated in this manner was stable, and the emission spectrum was the same as that
reported for OLED devices based on this compound. Also, the ECL from Ir(ppy)3

was brighter than that from a 9,10-diphenylanthracene standard.
The ECL of Ir(ppy)3 has also been extended to aqueous and partially

aqueous solutions using coreactant ECL [88]. More specifically, the ECL of
Ir(ppy)3 was reported in acetonitrile (MeCN), mixed MeCN–H2O (50:50 v/v),
and aqueous (0.1 M KH2PO4) solutions with tri-n-propylamine (TPrA) as an
oxidative–reductive coreactant. Photoluminescence (PL) efficiencies of 0.039,
0.050, and 0.069 were obtained in aqueous, mixed, and acetonitrile solutions,
respectively, compared to Ru(bpy)3

2+ (φem = 0.042). The high photoluminescence
efficiencies of Ir(ppy)3, coupled with stable oxidative redox chemistry and the
ability to distinguish between Ir(ppy)3 and Ru(bpy)3

2+ based on photolumines-
cence emission spectra makes this system of interest in fundamental and applied
ECL studies. Tri-n-propylamine was used as an oxidative–reductive coreactant
to generate ECL owing to the reversible to quasi-reversible nature of the
Ir(ppy)3

0/+ anodic redox couple. The ECL intensity peaks at potentials of ~+0.8
V. At these potentials, oxidation of both TPrA (Ea ~ +0.5 V vs. Ag/AgCl) and
Ir(ppy)3 (E0 ~ +0.7 V) has occurred. ECL efficiencies (φecl = photons emitted per
redox event) of 0.00092 in aqueous, 0.0044 in mixed, and 0.33 in MeCN solu-
tions for Ir(ppy)3 were obtained using Ru(bpy)3

2+ as a relative standard (φecl = 1).

nescence spectra, indicating that the same MLCT excited state was formed in
both experiments. The ECL was also linear over several orders of magnitude
in mixed and acetonitrile solutions with theoretical detection limits (blank
plus three times the standard deviation of the noise) of 1.23 nM in CH3CN and
0.23 µM in CH3CN–H2O (50:50 v/v).

These studies illustrate that Ir(ppy)3 [and, by analogy, other ortho-metalated
iridium(III) complexes] exhibits ECL in aqueous and nonaqueous solutions.
Although the ECL emission quantum efficiency was weaker than that of Ru(bpy)3

2+

under similar conditions, the green ECL emission maximum of Ir(ppy)3 and the
red/orange emission of Ru(bpy)3

2+ are far enough removed that it is possible to
distinguish both signals in a single ECL experiment (Fig. 19) [88]. This ability may
prove useful in applications where an ECL internal standard or multianalyte deter-
mination is desired. The lower potentials required to excite Ir(ppy)3 (i.e., ≤ 1 V)
compared to Ru(bpy)3

2+ (i.e., ~1.2–1.6 V) may also prove useful in DNA diagnos-
tic applications because it has been well documented that oligonucleotide sequences
undergo irreversible oxidative damage at potentials of 1 V and higher [89].
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was explored (Fig. 18)

ECL emission spectra were obtained (Fig. 19) that were identical to photolumi-



The effects of the nonionic surfactant Triton X-100 (Triton X-100 =

phenylpyridine)iridium(III) electrochemiluminescence have also been investi-
gated [90]. ECL in aqueous surfactant solution is currently an area of active study
[37–42]. Solubilization of Ru(bpy)3

2+ (bpy = 2,2′-bipyridine) and analogous
compounds in aqueous nonionic surfactant solutions leads to significant, and
potentially useful, changes in the ECL properties [37,39,41]. For example,
increases in both ECL efficiency (≥ eightfold) and duration of the ECL signal
were observed in surfactant media upon oxidation of Ru(bpy)3

2+ and TPrA (Fig.
6) [38,42]. Because of the analytical importance of ECL in immunoassays and
DNA probe analysis [26], the improved detection sensitivity of ruthenium
polypyridyl compounds’ ECL in the presence of nonionic surfactants (Section
II.A), [38,39,42] and the widespread use of surfactants in clinical assays, an
understanding of the nature of Ir(ppy)3–surfactant interactions is critical to their
use in practical applications. Oxidation of Ir(ppy)3 produced ECL in the presence
of tri-n-propylamine in aqueous surfactant solution. Increases in ECL efficiency
(≥ tenfold) and TPrA oxidation current (≥ twofold) were observed in surfactant
media. The mechanism of the surfactant effect was discussed in detail in Section
II.A. Briefly, data support adsorption of surfactant on the electrode surface, facil-
itating TPrA and Ir(ppy)3 oxidation and leading to higher ECL efficiencies [90].
Regardless of the mechanism of the surfactant effect, the fact that the emission
maxima of Ir(ppy)3 and Ru(bpy)3

2+ are far enough removed that it is possible to
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Figure 19 ECL spectra of (A) a solution of 10 µM Ir(ppy)3 and 10 µM Ru(bpy)3
2+ in

CH3CN containing 0.05 M TPrA (0.1 M Bu4NPF6 as electrolyte), (B) 10 µM Ir(ppy)3

(0.05 M TPrA) in CH3CN (0.1 M Bu4NPF6), and (C) 10 µM Ir(ppy)3 (0.05 M TPrA) in
CH3CN:H2O 50:50 v/v, 0.1 M KH2PO4). (From Ref. 88. Copyright 2002 American
Chemical Society.)

Copyright © 2004 by Marcel Dekker, Inc.

polyethylene glycol tert-octylphenyl ether) (Fig. 6) on the properties of tris(2-



lar reactivities of both in the presence of surfactants (e.g., pH and increased ECL
efficiencies) improve the likelihood that both ruthenium- and iridium-based
compounds can be incorporated into a single ECL assay.

The electrochemistry and ECL of a series of bimetallic iridium complexes,
[Ir(COD)(µ-L)]2 (abbreviated Ir2), where COD is 1,5-cyclooctadiene and L is the
anion of pyrazole (pz), and substituted derivatives 3-methylpyrazole (mpz) and

M tetra-n-butylammonium hexafluorophosphate [91]. Reversible one-electron
oxidation waves were observed for all complexes, with the potential shifting to
more negative values with increasing substitution of the bridging ligand (i.e., L).
Irreversible to quasi-reversible reduction waves were also observed, with more
reversible behavior observed with increasing substitution of the bridging ligands.
ECL characteristic of the 3B2 state of Ir2 was produced upon sequential genera-
tion of the Ir2

+ and Ir2
– species, showing that the excited state formed electro-

chemically is the same as that formed in photoluminescence. The excited state
species, Ir2* can also be produced by oxidizing Ir2 in the presence of tetrabuty-
lammonium oxalate (an oxidative–reductive coreactant) (Fig. 20).

D. Mercury

Weak ECL has been reported for mercury(II) in the presence of a synthetic
tunichrome chromophore using TPrA as an oxidative–reductive coreactant [69].
Although the tunichrome chromophore itself exhibited intrinsic ECL, a nine- to
tenfold increase in ECL was observed in the presence of Hg2+, suggesting the
formation of a metaltunichrome complex (also thallium–tunichrome in Section
II.C).

Electrogenerated chemiluminescence was also observed for the chemilu-
minescent (CL) polymer diazoluminomelanin (DALM) with a luminol pendant
group [92]. In the absence of mercury, both anodic and cathodic ECL were
observed when no coreactant was present. Similar “background” ECL has been
observed for other metal chelates, most notably Ru(bpy)3

2+, and has been traced
to a light-emitting reaction between the ECL luminophore [e.g., Ru(bpy)3

3+] and
OH– ions [22]. In the presence of Hg(II), however, an approximately twofold
increase in ECL for DALM was observed upon application of an anodic electro-
chemical sequence. If TPrA is present in a DALM-Hg2+ solution, a tenfold
enhancement has been reported, again suggesting the formation of a mercury-
DALM chelate complex.

As with many systems that produce relatively weak ECL, emission spectra
were not obtained for Hg-tunichrome or Hg-DALM. This makes mechanistic
arguments (as well as excited state assignments of the emission) difficult, so care
must be taken when interpreting data. Nevertheless, this work coupled with
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distinguish both signals in a single ECL experiment (Fig. 19) [88] and the simi-

3,5-dimethylpyrazole (dmpz) (Fig. 20) were studied in tetrahydrofuran (THF)/0.3
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Figure 20 (a) Cyclic voltammogram of 2.5 mM Ir(COD)(µ-pz)]2 in the presence of
fivefold excess of (TBA)2oxalate in THF/0.3 M TBAPF6. (b) ECL vs. potential profile for
solution in (a). (From Ref. 91. Copyright 1990 American Chemical Society.)

Copyright © 2004 by Marcel Dekker, Inc.



Cu(dmp)2
+ and Al(HQS)3 (Sections IV.B and III.A, respectively) demonstrates

that ECL can be produced in situ without prior isolation and purification of metal
ligand complexes.

E. Molybdenum and Tungsten

Though technically not chelates, a considerable amount of effort has gone into
studying the ECL of molybdenum and tungsten clusters. This is due, in part, to
the rich excited state chemistry of these complexes [93] and the ability of ECL to
probe the kinetic and mechanistic aspects of highly exergonic electron transfer
reactions.

The ECL of Mo6Cl14
2– was produced by alternate oxidation and reduction

at a Pt electrode in acetonitrile (CH3CN) solution [94]:

Mo6Cl14
2– + e– → Mo6Cl14

3– (E– = –1.53 V vs. SCE) (15)

Mo6Cl14
2– → Mo6Cl14

– + e– (E– = +1.56 V vs. SCE) (16)

Mo6Cl14
– + Mo6Cl14

3– → *Mo6Cl14
2– + Mo6Cl14

2– (17)

*Mo6Cl14
2– → Mo6Cl14

2– + hν (λecl ≈ 700 nm) (18)

Although the photoluminescence efficiency was quite high (φem = 0.19), the
measured ECL efficiency (photons emitted/electrons transferred), φecl, was very
low (≤10–5). Although these ECL efficiencies are weak compared to those of
metal chelate systems [e.g., Ru(bpy)3

2+], this work clearly showed that ECL is
possible in highly symmetric all-inorganic species.

Electrogenerated Mo6Cl14
– and Mo6Cl14

3– were also shown to react with
electroactive donor (D–; nitroaromatic radical anions) and acceptor (A+; aromatic
amine radical cations) species. The excited states generated in this way and the
dependence of the ECL on the free energy driving force of the annihilation reac-
tions were used to probe the energy dynamics (e.g., reorganizational barriers) of
the Mo6Cl14

2– ECL system [95]. Subsequent investigations on Mo6Cl14
2– were

focused on the effects of long-distance electron transfer in the context of Marcus
theory to help explain the observed weak ECL efficiencies [96], the role of solva-
tion on Mo6Cl14

2– ECL [97], and the partitioning of the electrochemical excita-
tion energy in molybdenum and tungsten clusters [Mo6Cl14

2– and M6X8Y6
2– (M

= Mo, W; X, Y = Cl, Br, I)] [98].
The high photoemission quantum yield of Mo2Cl4(PMe3)4 (φem = 0.26) and

long excited state lifetime (140 ns) prompted an investigation of the electro-
chemistry and ECL of this compound in THF and MeCN solutions [99].
Formation of the +1 cation resulted in a quasireversible electrochemical wave,
with the product of oxidation undergoing subsequent chemical reactions. The
Mo2Cl4(PMe3)4

0/– couple is reversible, indicating that the reduction product is
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stable (Fig. 21). ECL was generated via annihilation and coreactant mechanisms.



ECL was observed at a Pt electrode whose potential was pulsed between –1.95
and 0.70 V. The ECL spectrum showed a peak at 680 nm, with an efficiency of
0.002 (Fig. 21). Owing to the stability of the –1 anion, S2O8

2– was used as a
reductive–oxidative coreactant to generate ECL. ECL was generated by pulsing
between –0.5 and –2.0 V in an CH3CN solution of Mo2Cl4(PMe3)4 and S2O8

2–.
The ECL spectra generated with S2O8

2– and via annihilation were the same as PL
spectra. However, the ECL generated by sweeping reductively in the presence of
persulfate was more intense than that generated via annihilation, probably due to
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Figure 21 ECL spectrum of Mo2Cl4(PMe3)4 in THF and cyclic voltammograms of (A)
0.5 M TBABF4 in THF and (B) 2 mM Mo Mo2Cl4(PMe3)4, 0.5 M TBABF4 in THF. (From
Ref. 99. Copyright 1986 American Chemical Society.)
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the greater stability of the reduced form of the complex compared to the oxidized
[Mo2Cl4(PMe3)4

+] form. ECL was also detected using oxalate (C2O4
2–) as an

oxidative–reductive coreactant and pulsing the potential between 0.0 and 0.7 V.
However, the emission intensity was much weaker than the ECL generated by
both annihilation and S2O8

2–, confirming the instability of the oxidized form,
because Mo2Cl4(PMe3)4

+ is involved in C2O4
2– systems [99].

F. Platinum and Palladium Complexes

The electrochemistry of Pt(II) and Pd(II) α,β,γ,δ-tetraphenylporphyrin
complexes [Pt(TPP) and Pd(TPP)] in dichloromethane solution (0.1 M tetra-n-
butylammonium perchlorate as electrolyte) are characterized by one-electron
reduction and oxidation waves [100]. Electron transfer reactions between these
electrogenerated species leads to low level light emission characteristic of the
lowest triplet states of Pt(TPP) and Pd(TPP):

Pd(TPP)+ + Pd(TPP)– → Pd(TPP)* + Pd(TPP) (19)

Pt(TPP)+ + Pt(TPP)– → Pt(TPP)* + Pt(TPP) (20)

The ECL emission intensities are much lower than those observed for Ru(bpy)3
2+

and may be low because of initial formation of the singlet excited state on elec-
tron transfer coupled with inefficient crossing to the emitting triplet, or quench-
ing of the triplet state by ground-state species via the formation of a triplet
excimer.

Two independent reports on the ECL of tetrakis(pyrophosphito)diplati-
nate(II), Pt2(P2O5H2)4

4–, have appeared [101,102]. Interest in this compound can
be traced to the intense photoluminescence found in both solution and the solid
state, as well as its structure, which includes face-to-face square planes. Also, the
excited states involve metal–metal bond excitation [103] and are significantly
different from those of many luminescent metal complexes, such as Ru(bpy)3

2+,
that involve MLCT states. In the first study [101], ECL was generated in MeCN
solutions by applying 4 V alternating current (potential sweep from +2.0 to –2.0
V vs. SCE) at 280 Hz. Green emission (λ ≈ 517 nm) characteristic of the
Pt2(P2O5H2)4

4–* excited state was observed, which was attributed to electron
transfer between Pt2(P2O5H2)4

3– and Pt2(P2O5H2)4
5–. Subsequent work [102]

using controlled potential experiments (potential sweep from +0.7 to –3.0 V and
+0.0 V to –3.0 V vs. Ag quasi-reference electrode) found that ECL characteristic
of Pt2(P2O5H2)4

4–* was generated at potentials corresponding to reduction of
solvent and electrolyte media. Generation of Pt2(P2O5H2)4

3– was not necessary to
produce ECL. This led the authors to suggest a mechanism involving electron
transfer between Pt2(P2O5H2)4

5– and Bu4N+ (i.e., tetra-n-butylammonium ion).
Interestingly, when a mercury pool electrode was used in place of platinum, the
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characteristic emission at 512 nm and a new, as yet unidentified, peak at 607 nm
appeared in the ECL spectrum [102].

Emission of ECL from intraligand (IL) states was observed for Pt(q)2

where q = 8-quinolato [72]. 8-Quinolato is often called quinolin-8-olate or
2

exhibits intense PL (φem ≈ 0.01) at λem = 650 nm under ambient conditions with
the lowest energy emitting state assigned to the IL triplet of the chelating ligand
[104]. Weak ECL characteristic of the IL emission of Pt(q)2 was generated by
using a terminal voltage of 4 V and a frequency of 30 Hz [72]. It was assumed
that the source of the ECL was annihilation of the Pt(q)2

+ and Pt(q)2
– species. The

low ECL intensity was traced to quasireversible to irreverisible electrochemical
oxidation and reduction processes corresponding to formation of Pt(q)2

+ and
Pt(q)2

–.
The ortho-metalated platinum(II) complex, Pt(thpy)2 (Fig. 22), is photolu-

minescent (λmax = 580 nm) in fluid solution at room temperature, undergoes two
reversible reductions (Epc = –1.80 and –2.11 V vs. SCE) and one irreversible
oxidation (Epa ≈ 0.82 V) in DMF solution, and displays ECL for both annihila-
tion and coreactant (i.e., S2O8

2–) pathways [105]. The ECL spectra in all cases
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Figure 22 (a) Photoluminescence and (b) electrochemiluminescence spectra of 0.1 mM
Pt(thpy)2 in DMF. (From Ref. 105. Copyright 1986 American Chemical Society.)

Copyright © 2004 by Marcel Dekker, Inc.

8-hydroxyquinoline and is shown in Fig. 13 for the aluminum complex. Pt(q)



chemical reactions that follow the electrochemical processes lead to the same
MLCT state that is generated by photoexcitation.

Electrogenerated chemiluminescence has also been reported for the d10

transition metal complexes M2(dba)3 and M3(tbaa)3, where M = Pd(0) or Pt(0),
dba = dibenzylideneacetone, and tbaa = tribenzylideneacetylacetone [106]. All
four complexes exhibited strong photoluminescence at room temperature in a
variety of solvents (e.g., CH2Cl2, CH3CN, toluene). The relative emission quan-
tum yields compared to Cr(bpy)3(ClO4)3 were substantially greater for the Pt(0)
systems, with those for Pt2(dba)3 and Pt3(tbaa)3 being 95% and 105%, respec-
tively. In cyclic voltammetric studies, two reversible one-electron reduction steps
and an irreversible one-electron oxidation step were reported for the Pd and Pt
systems. Therefore, ECL was attempted by pulsing between the anodic and
cathodic limits sufficiently to produce the oxidized [e.g., M2(dba)3

+] and reduced
[e.g., M2(dba)3

–] forms of the parent complex. Surprisingly, no ECL was
obtained for room temperature solutions of any of the complexes when the work-
ing electrode (Pt or Au) was stepped between +1.2 and –1.3 V (or –1.9 V vs. Ag
quasi-reference electrode). However, ECL was obtained when the cell tempera-
ture was lowered to –50°C for both Pt2(dba)3 and Pt3(dba)3, indicating that cell
temperature may be employed as a variable in studying weak ECL in transition
metal systems. The ECL spectra for the platinum complexes matched the photo-
luminescence spectra, indicating population of the same excited states in both
experiments.

The role of triplet states in the ECL of Pt(II) octaethyl porphyrin, PtOEP,
was reported [87]. Radical cations and anions of PtOEP were generated in solu-
tion and recombined to produce ECL. The ECL from PtOEP was stable, and its
emission spectrum was the same as those reported for both photoluminescence and
organic light-emitting diode (OLED) devices based in PtOEP. However, the ECL
emission efficiency was lower than that of a 9,10-diphenylanthracene standard.

G. Rhenium

The first excited state electron transfer and ECL studies of metal carbonyl
complexes were carried out on fac-Re(CO)3Cl(phen) [107]. Cyclic voltammetry
established the ground-state potentials in acetonitrile at +1.3 V and –1.3 V vs.
SCE, with a lowest excited energy state of ~2.3 eV. ECL can be observed for fac-
Re(CO)3Cl(phen) if a Pt electrode is cycled from –1.3 to +1.3 V vs. SCE in a
potential step fashion. The ECL spectrum was identical to that formed by photo-
luminescence in the same medium.

fac-Re(CO)3Cl(phen) also shows an intense chemiluminescence during the
catalytic decomposition of tetralin hydroperoxide (THPO) in boiling tetraline
[108]. The following mechanism was proposed:
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were identical with the photoluminescence spectrum (Fig. 22), indicating that the



Re(CO)3Cl(phen) + THPO → Re(CO)3Cl(phen)+ + THPO– (21)

THPO– → α-tetralone + H2O (22)

Re(CO)3Cl(phen)+ + α-tetralone → Re(CO)3Cl(phen)*
+ α-tetralone (23)

Re(CO)3Cl(phen)* → Re(CO)3Cl(phen) + hν (24)

Subsequent work showed that the same sequence of reactions could be initiated
in acetonitrile via ECL, using a voltage greater than 2.6 V (e.g., potential pulse
from +1.3 V to –1.3 V) and a frequency of 30 Hz [72]. THPO is apparently
reduced during the cathodic cycle (E– = 0.973 V vs. SCE), whereas the complex
is oxidized during the anodic sweep, leading to the formation of
Re(CO)3Cl(phen)* via reactions (22)–(24).

The work described above was extended to other Re(NN)(CO)3Cl
complexes (where NN is 1,10-phenanthroline, 2,2′-bipyridine, or a phenanthro-
line and bipyridine derivative containing methyl groups) (Fig. 23) [109]. These
complexes are photoluminescent at room temperature and in acetonitrile display
one chemically reversible one-electron reduction process and one chemically
irreversible oxidation process. The wavelength maximum of emission (λem) was
dependent on the nature of L, and a linear relationship between λem and the differ-
ence in electrode potentials for oxidation and reduction was evident (Fig. 23).
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Figure 23 (Left) Schematic of phenanthroline, bipyridine, and substituted derivatives.
(Right) and Correlation of emission energy (Eem) and difference in redox potentials [∆E1/2

= E1/2(ReII/I) – E1/2 (L/L–)] in MeCN at room temperature. The line represents the best fit
for the phenanthroline data only and has a correlation coefficient of 0.994. (From Ref. 109.
Copyright 1996 American Chemical Society.)
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ECL was observed in acetonitrile by stepping the potential of a platinum disk
working electrode between values sufficient to form the radical anionic and
cationic species. The relative amount of light produced during the pulses was
dependent on the potential limits and pulse duration. ECL was also generated in
the presence of the coreactants TPrA (potential sweep from +0.0 to +2.0 V) and
S2O8

2– (potential sweep from +0.0 to –1.8 V vs. Ag quasi-reference). In most
cases, the ECL spectrum was identical to the PL spectrum, indicating that the
chemical reactions following electrochemical oxidation or reduction form the
same MLCT states that are generated via PL.

H. Silver

As with the mercury-DALM system discussed in Section IV.D, ECL was
observed for the chemiluminescent (CL) polymer diazoluminomelanin (DALM)
with a luminol pendant group in the presence and absence of silver, indicating the
formation of an Ag+-DALM chelate complex [92]. However, it was not possible
to confirm the formation of such a complex because of the low level of the ECL
emission.

A method for the trace determination of Ag(I) in basic aqueous solution has
also been developed. This method relies on the enhanced ECL of 6-(2-hydroxy-
4-diethylaminophenylazo)-2,3-dihydro-1,4-phthalazine-1,4-dione (HDEA) in the
presence of Ag(I) ions [110]. Whether this system involves chelation between the
metal ion and HDEA was not reported.

VI. RARE EARTH ELEMENTS

Electrochemical, photophysical, and ECL data for the rare earth elements

respectively.

A. Europium

Many trivalent lanthanide complexes display high photoluminescence efficien-
cies, large separations (~300 nm) between absorption and emission bands, and
narrow emission spectra [111], all of which make them attractive as potential
ECL labels. Therefore, it is not surprising that several reports have appeared on
the ECL of lanthanide complexes.

The first report of ECL in a europium chelate described intermolecular
energy transfer from an exciplex (formed by the radical cation of tri-p-tolylamine
and either the benzophenone or dibenzoylmethane radical anions) directly to
Eu(DBM)3•piperidine or Eu(DNM)3•piperidine (DBM = dibenzylmethide and
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under annihilation and coreactant conditions are presented in Tables 7 and 8,
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Table 7 Electrochemical, Spectroscopic, and ECL Properties of Rare Earth Metal Complexes. ECL Generated via Annihilation.

Complex Solvent (Electrolyte) E1/2(ox) (V) E1/2(red) (V) λem (nm) λecl (nm) φem φecl

Please see text for ligand definitions.
Potentials are in volts vs. SSCE (0.2360 vs. NHE) unless otherwise noted.
Photoluminescence efficiencies relative to Ru(bpy)3

2+ (φem = 0.082) unless otherwise noted.
aECL generated via exciplex energy transfer between europium complex and 1(A–D+)*, where D = tri-p-tolylamine radical cation and A = benzophenone
or dibenzoylmethane radical anion.
bRef. 9.
cWeak ECL such that no spectrum was obtained.
dRef. 72.

Eu(dibenzoylmethide)3

piperidinea

Eu(dinaphthoylmethide)3

piperidinea

Eu(TTFA)3(phen)
Tb(TTFA)3(phen)
Tb(TTFA)4

–

MeCN (0.1 M TBAClO4)

MeCN (0.1 M TBAClO4)

MeCN (0.05 M TBABF4)
MeCN (0.05 M TBABF4)
MeCN (0.05 M TBABF4)

—

—

—
—
—

–1.94b

–1.68b

–1.3,–1.63d

–1.5d

–1.75d

612b

610b

610d

565d

565d

—c

—c

—c

—c

—c

—

—

—
—
—

—

—

—
—
—
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Table 8 Electrochemical, Spectroscopic, and ECL Properties of Rare Earth Metal Complexes. ECL Generated via Coreactants

Complex/coreactant Solvent (electrolyte) E1/2 (V) λem (nm) λecl (nm) φem φecl

(pipH+)Eu(DBM)4/S2O8
2– MeCN (0.1 M TBAPF6) –1.68,a –2.41b 611b 611b 0.099b 0.052b

(TBA)Eu(DBM)4/S2O8
2– MeCN (0.1 M TBAPF6) –2.42b 611b 611b 0.20b 0.06b

(TBA)Eu(TTA)4/S2O8
2– MeCN (0.1 M TBAPF6) –2.12a,b 612b 612b 1.01b 0.006b

(TBA)Eu(HFAC)4/S2O8
2– MeCN (0.1 M TBAPF6) –2.72a,b 611b 611b 0.095b 0.01b

(TBA)Eu(BA)4/S2O8
2– MeCN (0.1 M TBAPF6) –2.82a,b 612b 612b 0.13b 0.02b

(TBA)Eu(BTA)4/S2O8
2– MeCN (0.1 M TBAPF6) –2.36a,b 611b 611b 1.2b 0.01b

Eu[2.2.2](NO3)3/S2O8
2– MeCN (0.1 M TBAPF6) –0.21b,c 612b — 0.0004b —d

Eu[2.2.1](NO3)3/S2O8
2– MeCN (0.1 M TBAPF6) –0.44b,c 612b — — —d

Eu[2.2.1](DBM)(NO3)2/S2O8
2– MeCN (0.1 M TBAPF6) –0.56b 612b 612b 0.0002b 2×10–4,b

Eu[2.2.1](BA)(NO3)2/S2O8
2– MeCN (0.1 M TBAPF6) –0.58b 612b 612b 0.0013b 5×10–5,b

Eu[2.2.1](TTA)(NO3)2/S2O8
2– MeCN (0.1 M TBAPF6) –0.64b 614b — 0.0011b —d

Eu[2.2.1](BTA)(NO3)2/S2O8
2– MeCN (0.1 M TBAPF6) –0.83b 612b — 0.046b —d

Eu[2.2.1](HFAC)(NO3)2/S2O8
2– MeCN (0.1 M TBAPF6) — 613b — 0.0014b —d

Ligand definitions: DBM = dibenzoylmethide; TTA = thenoyltrifluoroacetate; BA = benzoylacetate; HFAC = hexafluoroacetylacetate; pipH+ = piperidine
cation; BTA = benzoyltrifluoroacetate; [2.2.2]= 4,7,13,16,21,24-hexaoxa-1,10-diazacyclo[8,8,8]hexacosane; [2.2.1] = 4,7,13,16,21-hexaoxa-1,10-diazacy-
clo[8,8,5]tricosane.
Potentials are in volts vs. Fc/Fc+ (0.40 vs. NHE) unless otherwise noted.
Photoluminescence efficiencies relative to Ru(bpy)3

2+ (φem = 0.082) unless otherwise noted.
ECL efficiencies are relative to Ru(bpy)3

2+/S2O8
2– (φem = 1).

aCathodic peak potential, Epa.
bRef. 10.
cPotentials in volts vs. SSCE (0.236 vs. NHE).
dNo observed ECL.
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DNM = dinaphthoylmethide) [9]. ECL resulted from “sensitization” of the
europium complexes, with the donor formed electrochemically, not optically.
However, no direct ECL of the Eu(III) chelates was found in that study.

Weak ECL from Eu(TTFA)3(phen) [TTFA = 4,4,4-trifluoro-1-(2-thienyl)-
1,5-butanediono/thenoyltrifluoroacetonato] was detected by using a photon-
counting apparatus [72]. This ECL was attributed to intramolecular energy
transfer from a nonemitting excited state of the intraligand orbitals to the emitting
state of the metal-centered f orbitals, analogous to events proposed in photo-
chemical experiments.

The ECL of a series of europium chelates, cryptates, and mixed-ligand
chelate/cryptate complexes was studied [10]. The complexes were of the follow-
ing general forms: EuL4

–, where L = β-diketonate, a bis-chelating ligand (such
as dibenzoylmethide), added as salts (A)EuL4 (where A = tetrabutylammonium
or piperidinium ion (pipH+), Eu(crypt)3+, where crypt = a cryptand ligand, e.g.,
4,7,13,16,21-pentaoxa-1,10-diazabicyclo[8,8,5]tricosane; and Eu(crypt)L2+ for
the mixed-ligand systems. ECL was generated in acetonitrile solution using
S2O8

2– (+0.0 V to –2.0 V vs. Ag quasi-reference) and appears to occur by a differ-
ent mechanism than in transition metal systems via a “ligand-sensitization” route,
where ECL occurs in the organic ligands with subsequent transfer to the f orbitals

spectra with a narrow emission band around 612 nm, corresponding to a metal
centered 4f–4f transition. Although it was clear from this work that the ligands
play an integral role in rare earth ECL, very low ECL efficiencies were observed
in nonaqueous solvents and little to no ECL was observed in aqueous media.

B. Terbium

As with Eu(TTFA)3(phen), weak ECL was observed for Tb(TTFA)4
– and

Tb(TTFA)3(phen), which was attributed to intramolecular energy transfer from a
nonemitting ligand-centered state to the emitting state centered on the metal f
orbitals [72].

Electrochemically induced light emission involving Tb(III) was also gener-
ated via “cathodic luminescence”, where Tb(III) ions and chelates were adsorbed
onto an aluminum oxide electrode with subsequent generation of excited states
[112].

VII. CONCLUSIONS

This chapter has focused on developments within metal chelate ECL.
Considering the number of metal complexes that display the electrochemical and
spectroscopic qualities required of ECL, it is not surprising that they have played
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of the metal centers. ECL spectra (Fig. 24) matched the photoluminescence



an important role in transforming ECL from a laboratory curiosity to a useful
analytical technique. There are also many metal chelates yet to be explored! One
wonders what the future holds for ECL, but whatever the improvements and new
aspects of ECL that emerge, metal chelates will undoubtedly continue to play an
important role.
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Figure 24 ECL spectra of (A) (TBA)Eu(dibenzoylmethide)4 and (B) (TBA)Eu(benzoy-
lacetonate)4 in CH3CN/S2O8

2–. Solutions were 4 mM in chelate, 10 mM in S2O8
2–, and 0.1

M in TBABF4. The potential was continuously pulsed between 0.0 and 2.5 V vs. AgQRE
with a pulse duration of 1 s and an acquisition time of 30 min. (From Ref. 10. Copyright
1996 American Chemical Society.)
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I. INTRODUCTION

The application of electrochemiluminescence (ECL) to the detection of biologi-
cally important analytes has seen substantial success, as measured by the
widespread use of the technology in basic research, in environmental and indus-
trial testing, and in clinical laboratory analyzers. Initial interest in the technique
was spurred by the ability of ECL measurements to detect analytes in extremely
low concentrations, though other favorable attributes such as insensitivity to
matrix effects and a high dynamic range have contributed to ECL’s acceptance
as a robust detection methodology. The flexibility of the technique permits the
probing of nearly any type of molecular interaction. ECL-based assays have been
developed to detect proteins, nucleic acids, and small molecules and to probe
ligand–receptor interactions and enzyme activity. The commercial availability
of ECL reagents and instruments has also played a large part in fueling interest
in the technique. Relatively inexpensive commercial instrumentation and ECL
labels with linker groups that are easily attached to biomolecules have allowed
researchers to quickly and easily develop numerous assay formats for a variety of
applications. Fields that currently use ECL in the detection of biological analytes
include clinical diagnostics, food and water testing, biowarfare agent detection,
and basic research within both academia and industry.
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Assays based on ECL share many attributes with other techniques used
to conduct biological assays. A common approach to the detection of an analyte
present at low concentrations is to link the analytes to a “label”, a material that
emits a strong, easily measured, signal. This signal is used to measure the
label and thereby the analyte with which it is associated. Specificity for a
particular analyte can be achieved by attaching the label to a reagent that binds
specifically to the analyte, for example, a labeled antibody directed against
the analyte. Examples of labels that are commonly used in biological assays
include radioactive isotopes, fluorescent or chemiluminescent materials, and
enzymes. ECL-based assays are unique in that they employ electrochemilumi-
nescent species as labels and measure the labels by inducing and measuring
their electrochemiluminescence. The availability of efficient systems for
generating ECL has made possible the development of highly sensitive ECL
assays.

The overwhelming majority of ECL-based assays and all commercial systems
use a Ru(bpy)3

2+ derivative as the electrochemiluminescent label. This label is
induced to emit ECL at an oxidizing electrode in the presence of a tertiary amine
such as tripropylamine (TPrA, the coreactant). The mechanism of Ru(bpy)3

2+ ECL
generation (Fig. 1) involves a high-energy electron transfer reaction between oxi-
dation products of the ruthenium label and TPrA [1]. The energy of the reaction is
sufficient to promote the label to a luminescent excited state. Emission of a photon
regenerates the ground state, and as a consequence a single label may participate in

on ECL generation). The Ru(bpy)3
2+/TPrA system is especially well suited for use

in biological assay because it is highly efficient for generating ECL and performs
optimally in aqueous solutions at neutral pH [1].

This chapter is divided into several sections. The instrumentation required to
produce and measure ECL is presented in Section II, and a discussion on the for-
matting of ECL-based assays follows in Section III. This should provide the reader
with a general understanding of how the technique can be applied to biological
molecule detection and offers references for more detailed reading. Sections
IV–VIII present a review of applications in various fields, including the use of
ECL-based assays in clinical testing, life science research, environmental applica-
tions including food and water testing, and the detection of biowarfare agents.
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Figure 1 Mechanism of Ru(bpy)3
2+/TPrA ECL generation in aqueous solution.
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multiple reaction cycles to produce multiple photons (see Chapter 5 for more details



II. INSTRUMENTATION

In its most basic form, an ECL measurement consists of supplying electrical
energy for the ECL reaction and measuring the generated luminescence with an

the reagents required for ECL and an electrolyte for conducting current between
the working and counter electrodes. The generated luminescence is proportional
to the amount of ECL label present on, or very near, the working electrode
surface. Three types of measurements have been applied to biological assays: the
label being measured is either free in solution, bound to a solid support such as
microparticles, or bound directly to the electrode surface.

The basic equipment needed for ECL generation consists of an electro-
chemical cell and a light detector. ECL is typically detected with a photodetector
such as a photomultiplier tube (PMT), a photodiode, or a charge-coupled device
(CCD) that is positioned to collect light from the working electrode. In flow-
based systems, part of the electrochemical cell is transparent so that the light
generated at the electrode(s) can reach the detector. The electrodes and detector
are contained within a lighttight housing to reduce background light.

Electrogenerated chemiluminescence instrumentation has been commer-
cially available since 1994 and has been rapidly adopted by users in clinical,
industrial, and research laboratories. More than 8000 ECL instruments have been
placed worldwide, and the instrumentation has proved to be versatile and easily
adapted to a wide range of applications. The first commercial instrument to
employ ECL detection was the ORIGEN Analyzer [2] (IGEN International Inc.)

on the surface of magnetically responsive beads. The beads are coated with bind-
ing reagents and are used as assay supports in solid-phase binding assays. As will
be described in more detail in the section on assay formats, the assays are
designed so that the amount of label on the beads is indicative of the amount of
analyte in a sample.

The basic components of the instrument and other flow-based systems that

measurement module, which consists of a flow cell containing a reusable plat-
inum electrode and a PMT for light detection. Typical assays use Ru(bpy)3

2+ as
the ECL label and are run offline in sample tubes that are manually loaded into
the instrument’s carousel. Each individual sample is drawn into the flow cell,
where the paramagnetic beads are magnetically captured on the platinum elec-

the labels bound to the beads are concentrated onto the electrode surface, where
they are most efficiently induced to emit ECL. Any unbound labeled reagents
remain dispersed in solution and can be washed away to reduce background
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optical detector (Chapter 2). The reaction takes place in a solution that contains

(Fig. 2A) [3]. The ORIGEN Analyzer is adapted to measure ECL labels present

use ORIGEN technology are shown in Figure 3. The essential element is the

trode (Fig. 4). Highly sensitive assays can be realized by this procedure, because



emission. A solution containing TPrA is then drawn through the flow cell to wash
the beads and supply coreactant for ECL, which is initiated by applying a voltage
between the working and counter electrodes. A PMT collects the light, and results
are reported as light intensity for each sample. The beads are then washed from
the cell, and a cleaning cycle is initiated before the next sample in the carousel is
drawn. The instrument can also be used to detect solution-based ECL.

IGEN International recently developed a new generation of ECL-based
instruments named the M-Series. These systems are also based on ORIGEN
technology but are designed for higher throughput than the ORIGEN analyzer.
The M-Series M-8 was the first to launch in 1999, followed by the M-384 in 2002
(Fig. 2B) and the M-1 in 2003 (Fig. 2C). These instruments are designed for a
variety of applications in life sciences, high-throughput drug screening, and food,
water, and animal health testing [4].

There are currently five other commercial flow-based ECL systems, and all
use ORIGEN technology. Closely related to the ORIGEN analyzer is the NucliSens
[5] reader and system (bioMérieux Inc.). This system was developed and marketed
for the detection of nucleic acids; it is marketed along with the company’s NASBA
technology for the amplification of RNA. The assays detect amplified viral RNA
using the Ru(bpy)3

2+/TPrA ECL system and are used in clinical blood testing.
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Figure 2 Commercial flow cell–based ECL instrumentation. (A) The ORIGEN 1.5,
(B) M series M-384, and (C) M-1 analyzers by Igen International, (D) PicoLumi by Eisai,
(E) Elecsys 1010, (F) Elecsys 2010, and (G) the MODULAR system containing the E-170
immunoassay module by Roche Diagnostics, (H) Sector HTS Imager and
(I) Sector PR Reader by Meso Scale Discovery.
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automated immunoassay reader marketed in Japan. The system is also based
on ORIGEN technology and uses PicoLumi series test kits with a test menu
featuring primarily tumor marker assays.
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Figure 3 Components of a flow system based on ORIGEN technology.

Figure 4 Generic process for measuring magnetic bead–based ECL assays in flow cells.
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Another instrument, the PicoLumi (Eisai Company), (Fig. 2D), is a fully



Roche Diagnostics markets three analyzers based on ORIGEN technol-
ogy for clinical immunoassay testing. The Elecsys [6] 1010 is a routine and
short-turnaround-time (STAT) analyzer for small- to medium-volume laborato-

medium- to large-volume laboratories (Fig. 2F). Patient samples are loaded in
vacutainer tubes, and the entire assay process is automated. These systems fea-
ture an expansive menu of over 50 immunoassay tests in the areas of cardiology,
fertility, thyroid function, oncology, anemia, infectious disease, and osteoporosis.
The introduction of the Elecsys systems has been one of the most successful
launches in the clinical marketplace, with more than 7000 Elecsys systems
in clinical laboratories worldwide. Roche Diagnostics recently released a new
clinical product based on ECL detection: the E170 module for their high-
volume MODULAR ANALYTICS clinical analyzer (Fig. 2G). This modular
system incorporates a variety of clinical diagnostic systems in addition to im-
munodiagnostics and is capable of running up to 170 ECL-based immunoassay
tests per hour with the same test menu as the Elecsys products.

The ORIGEN flow cell technology is amenable to miniaturization using
microfabrication techniques. There has been a report of a microcell for DNA
quantification using ECL detection, although this system has not been commer-
cialized [7]. The microfabricated cell employs a built-in silicon diode detector
and thin-film platinum electrodes and uses paramagnetic bead capture with the
Ru(bpy)3

2+/TPrA ECL system.
The other major class of instrumentation for conducting ECL assays is

designed to measure labels bound directly to the surface of an electrode. In
contrast to bead-based assays, the electrode surface itself is used as an assay sup-
port in solid-phase binding assays. In this case a binding reagent is immobilized
directly on the electrode surface, and the ECL label is bound at the electrode
surface during the assay. This approach enables an array or microarray format,
where multiple binding sites are patterned on the electrode surface, and multiple
measurements are performed in parallel using the same sample. This class of
instrumentation typically uses disposable electrodes that are used for only one
electrochemiluminescence measurement.

The Sector HTS Imager and Sector PR [8] Reader instruments (Meso Scale
Discovery, a division of Meso Scale Diagnostics, LLC) are the first commercial
ECL instruments for measuring ECL from solid-phase assays carried out on dispos-
able electrodes (Figs. 2H and 2I). Assays are carried out on the surfaces of screen-
printed carbon ink electrodes within the wells of multiwell plates called Multi-Array
plates [8,9]. A variety of plate formats are available to suit the needs of drug dis-
covery and biological research, including 96-, 384-, and 1536-well formats. Unique
Multi-Spot [8] plates with patterned microarrays within each plate well are also
available, enabling multiple assays to be performed in each well of the plates

large numbers of chemical compounds are tested for their effects on biological sys-
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ries (Fig. 2E), and the Elecsys 2010 is a continuous random access analyzer for

(Fig. 5). The instruments are targeted for use in high-throughput screening, where



tems in the search for new drugs. Other uses include large-scale proteomics/ge-
nomics studies, multianalyte assays, and general laboratory use including assay de-
velopment and low- to medium-throughput biological measurements. ECL is
generated using Ru(bpy)3

2+ analogs and TPrA or similar coreactants, and the light is
collected with either a CCD camera (Sector HTS Imager) or a series of photodiodes
(Sector PR Reader). An example of multiple simultaneous assays is shown in Figure
6, where immunoassays were used to simultaneously detect four human cytokines
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Figure 5 Pictures of MSD Multi-Spot plates with seven binding domains in each well of
the 96-well plates.

Figure 6 Schematic diagram of a Multi-Spot plate assay for four human cytokines.
Each spot within each well of the 96-well plate contains capture antibody specific for
one cytokine. Inset shows an image of the ECL emitted from assays in four wells using
samples with varying concentrations of cytokines.
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on the Sector HTS instrument using a Multi-Spot plate with four binding regions [9].
The instrument converts light intensity from each capture zone to a numerical value.

III. ASSAY FORMATS

The ECL instruments described in the preceding section measure ECL labels
bound to a solid-phase support in proximity to an electrode. In the case of
ORIGEN instrumentation, the label is bound to magnetic beads that are collected
on the surface of the electrode. In the case of Multi-Array instrumentation, label
is bound to the electrode itself. Due to the short lifetime of the electrogenerated
species involved in the ECL process [10], only labels that are in close proximity
to the electrode surface produce ECL. As a result of this surface selectivity, ECL
labels bound to the solid phase can be sensitively and selectively measured in the
presence of labels in solution, enabling highly sensitive assays with very few or
no wash steps.

The use of solid-phase supports allows assay formats employed in other
solid-phase assay techniques, such as enzyme-linked immunosorbent assay
(ELISA) and radioimmunoassay (RIA), to be adapted easily to ECL-based in-
strumentation. The common feature of solid-phase assay measurements is the
correlation of the analyte to be measured to the amount of label bound to the
solid phase. In perhaps the simplest example, the direct binding assay, the bind-
ing of a labeled reagent to an immobilized reagent is determined by measuring
the accumulation of the label on the solid phase. This format is particularly

Binding interactions of unlabeled species can be detected by using slightly
more complicated formats such as the sandwich binding assay or the competitive
binding assay. These formats are most commonly used in immunoassays for
clinical analytes. The sandwich immunoassay format employs two antibodies
directed against the target molecule of interest; one antibody is immobilized on a
solid phase, the other carries an ECL label (Fig. 7B). Binding of both antibodies
to the target results in the attachment of the ECL label to the solid phase, where
it can be subsequently measured, thus correlating the amount of label on the
solid phase to the amount of target analyte in the sample. The competitive
immunoassay employs an antibody and an analog of the analyte of interest, one
immobilized on a solid phase and the other labeled with an ECL reporter. Analyte
present in a sample competes with the analog for binding to the antibody and
decreases the accumulation of labels on the solid phase (Fig. 7C).

Similar techniques have been employed in nucleic acid assays. Nucleic
acid amplification products have been measured using a sandwich hybridization
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useful for studying receptor–ligand interactions in biology (Fig. 7A).



format employing a labeled probe and an immobilized probe, each specific for a
different sequence in the amplification product (Fig. 7D). Amplification products
have also been measured by using direct binding assays in which labels are
incorporated into the amplification products during amplification using labeled
primers or nucleotides. Another alternative for the detection of double-stranded
DNA bound near the electrode is to intercalate an ECL tag into the DNA,
although this method has not yet found commercial applications [11,12].

Solid-phase ECL assays have also been used to measure the activity of
enzymes. Often these employ binding assays, as described above, for detecting the
products of the enzymatic reaction. For example, labeled antibodies specific
against phosphotyrosine have been used to detect the tyrosine kinase–induced
phosphorylation of amino acid–containing substrates immobilized on magnetic

enzyme can be directly coupled to the accumulation or loss of labels from a solid
phase. The activity of proteases can be determined by measuring the release of la-
bels tethered to a solid phase via a peptide or protein linker (Fig. 8B). Conversely,
the ligation activity of HIV integrase can be determined by measuring the ligation
of labeled oligonucleotides to an immobilized oligonucleotide [14] (Fig. 8C).

Clinical and Biological Applications of ECL 367

Figure 7 Examples of some binding assay formats using ECL detection. (A) A simple
receptor–ligand assay using a labeled ligand; (B) a sandwich immunoassay; (C) a
competition assay where analyte competes with labeled analyte for antibody-binding sites
on the solid support; (D) capture of an oligonucleotide using a capture and label
sequence specific to the target sequence.

Copyright © 2004 by Marcel Dekker, Inc.

beads [4] or carbon electrodes [13] (Fig. 8A). Alternatively, the activity of an



Many of the above assay formats can be used in the search for disease thera-
pies. For example, inhibition of HIV integrase by an added compound, signaled by
a decrease in ECL in the above assay, identifies the compound as a potential antivi-
ral drug candidate. Such studies are usually performed by screening large libraries
of chemical and biological compounds for their effects on such model assays, aided
by high-throughput ECL instrumentation that has recently become available.
Follow-up studies on the compounds that affect the model system would determine
the feasibility of the compound for use as a drug. This area represents a rapidly
growing area in ECL applications, and further examples are discussed in Section V.

The development of many ECL assay formats has been aided by the wide
variety of Ru(bpy)3

2+ derivatives that are available for linking to biological
3
2+ derivatives that have been

developed. Proteins are most commonly labeled via reaction of lysine amino
groups with Ru(bpy)3

2+ NHS ester derivatives. Derivatives presenting maleimide
groups, a functional group that reacts with thiols, have proved especially useful in
labeling peptides and nucleic acids prepared by solid-phase synthesis because of
the ability of these techniques to introduce thiols at selected locations in the
oligomer chains [15]. Nucleic acids have also been labeled at the 5′ terminus using
a phosphoramidite-containing derivative, a reagent that allows probes to be modi-
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Figure 8 Examples of ECL assays using enzymes. (A) An assay for kinase activity
using a labeled antibody to recognize the phosphorylated immobilized product.
(B) A protease activity assay in which cleavage of the immobilized substrate removes the
tag from the solid support. (C) An assay using immobilized and free labeled DNA strands
to test for integrase activity.
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molecules. Figure 9 shows some of the Ru(bpy)



fied with Ru(bpy)3
2+ during automated synthesis [16]. Nucleic acids produced

by enzymatic replication of nucleic acid templates have been labeled through
the enzymatic incorporation of labeled nucleotides such as Ru(bpy)3

2+-labeled
dUTP [13].

A variety of approaches have been developed for immobilizing biological
molecules on solid phases for use in ECL assays. Magnetic particles suitable for
use in ORIGEN assays are available that have hydrophobic surfaces or charged
surfaces suitable for adsorption of proteins and other macromolecules.
Alternatively, reagents can be covalently bound to magnetic particles through the
use of particles whose surfaces are coated with reactive species. To avoid opti-
mizing the immobilization of different reagents for each assay, most ORIGEN
assays use streptavidin-coated magnetic particles. Biotin-labeled reagents such as
capture antibodies or nucleic acid probes are easily bound to the surface of these
generic particles through streptavidin–biotin interactions. Similarly, biological
molecules can be immobilized on carbon ink electrodes for use in Multi-Array
assays via direct adsorption of the reagents on the electrodes or through the use
of an adsorbed capture reagent such as streptavidin or avidin [9].

Although not commercially important at this time, approaches have been
developed for carrying out ECL binding assays in homogeneous assay formats,
i.e., assay formats that do not employ reagents immobilized on a solid phase. The
binding in solution of small labeled antigens to antibodies has been shown to
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Figure 9 Functionalized derivatives of Ru(bpy)3
2+.
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decrease the ECL signal at an electrode in contact with the antigen solution [17].
The decrease in ECL as a result of the binding event is most likely a result of the
decrease in the rate of diffusion of the label to the electrode and a decrease in the
accessibility of the label to the electrode. The effect can be amplified by coating
the antibodies on particles so as to increase the effective size of the antibodies.

In the assays discussed above, the concentration of the analyte is determined
by measuring the ECL emission of a label, usually Ru(bpy)3

2+, in the presence of
a high concentration of coreactant, typically TPrA. There are some assays for
biological molecules or function that instead rely on the detection of coreactants
in the presence of a constant Ru(bpy)3

2+ concentration. A method for the detection
of double-stranded DNA has been demonstrated in this manner, in which an in-
tercalator acts as a coreactant for ECL generation with Ru(bpy)3

2+ in solution [18].
Most other ECL assays for coreactants are based on the production or consump-
tion of a coreactant by an enzyme when analyte is present, an example being
the detection of the coreactant NADH formed by glucose dehydrogenase in the
presence of glucose. More examples are provided in the following section.

IV. DETECTION OF CLINICALLY IMPORTANT ANALYTES

The largest area of biological molecule detection in which ECL has been applied
is the clinical setting. Clinical assays are defined as methods for measuring
constituents present within the human body. Examples of potential analytes
include hormones, proteins secreted by cancer cells, enzymes, viral or bacterial
proteins or toxins, and antibodies generated through immune responses. The
presence or absence or the concentration of these constituents provides clinicians
with information on the functioning of the body or the presence of specific
disease states. With many clinical assays, it is common that the sample specimen
is blood or one of the blood derivatives serum or plasma. Yet there are many clin-
ical analytes not found in blood, making it necessary to perform clinical tests in
a wide variety of sample specimens including urine, feces, mucus, tissue, and
spinal chord fluid. Thus the clinical laboratory is challenged by a great number
of analytes and specimen types spanning many physiological conditions and
diseases. These labs are also burdened by ever-increasing demands for shorter
turnaround times and lower costs and by strict requirements for very accurate
results with low error rates.

Numerous detection methods are available for clinical assays; however, the
fundamental attributes of the ECL detection method complement the rigorous de-
mands of a clinical assay. ECL methods are very accurate, insensitive to matrix
affects, and available in a variety of assay formats; allow the detection of analytes
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in very low concentrations; and exhibit a broad linear detection range to cover
those analytes present in higher concentrations. Thus, ECL-based detection
methods are capable of measuring a diverse set of analytes in many matrices.

Clinical applications of ECL have used two general methods in which ei-
ther the label or coreactant concentration is related to analyte concentration [19];
however, the vast majority use a format in which the label concentration is
measured. In fact, all commercially available ECL instruments use a Ru(bpy)3

2+

derivative as the label and detect ECL in a solution with excess TPrA. This
method couples very well to affinity binding reactions such as antibody/antigen
or nucleic acid/complementary nucleic acid formats [20–22]. The ECL label is
bound to one of the species participating in the affinity binding reaction, and the
coreactant is present in vast excess over the other assay components or potentially
interfering species.

Clinical assays generally require a calibration curve, typically generated by
running a blank and a known concentration of the analyte of interest in the sam-
ple matrix. Establishment of the blank or zero analyte level is a critical aspect of
the calibration and one for which ECL is well- suited. In the absence of an ECL
label (and therefore zero analyte) there is a low-level emission fundamental to the
ECL mechanism. In commercial ECL instrumentation used for clinical applica-
tions, this background emission is very reproducible and is independent of the
sample matrix. Biological substances do not contribute to or alter the background
emission, and thus the steady blank emission level provides a quiet background
to detect analytes at very low levels.

The list of ECL-based assays developed for clinical analytes is impressive

a discussion of each, and the reader is directed to the referenced work or specific
company websites and literature for further details.

Tumor markers make up a large portion of ECL assays for clinically impor-
tant analytes. These include α-fetoprotein (AFP) [23,24], carcinoembryonic antigen
(CEA) [24,25], cytokeratin 19 [26], des-γ-carboxy prothrombin [27,28], prostate
specific antigen (PSA) [25,29–31], and also tests for mRNA coding for various can-
cer markers [32–35]. These tests can be used to diagnose cancer, to monitor 
the effectiveness of drug treatments or surgeries, and also to monitor for recurrence.
In some cases, such as PSA testing of older men, the assays have been used in a
screening fashion to detect cancer early, when treatment is typically most effective.

A number of fertility and related tests are also available. Estradiol, follitropin
(FSH), prolactin, progesterone, luteinizing hormone (LH) [36], testosterone [37],
and human chorionic gonadotropin (hCG) [25,38] levels can be used to judge
and monitor fertility and to diagnose the source of problems associated with low
fertility.

Thyroid function is also well represented among clinical ECL assays,
reflecting the significant prevalence of thyroid diseases among the population.

Clinical and Biological Applications of ECL 371

Copyright © 2004 by Marcel Dekker, Inc.

and constantly growing (Tables 1 and 2). The large number of analytes precludes
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Table 1 Summary of Clinical Assays that Use ECL Detection

Analyte Application Detection method Ref.

(continued)

I. Assays for ECL Labels
A. Immunoassays

AFP, α-fetoprotein
Anti-Borna disease antibodies
β-Amyloid peptide
CA (cancer antigen) 15–3
CA (cancer antigen) 19–9
CA (cancer antigen) 72–4
CA (cancer antigen) 125 II
CEA, carcinoembryonic

antigen
β-Crosslaps
C-Telopeptides
Anti-CMV antibodies
Cytokeratin 19
CKMB, creatine kinase
Cytomegalovirus
Des-γ-carboxy prothrombin
Estradiol

Ferritin
FSH, follitropin

HCG, human chorionic
gonadotropin

HBsAg, hepatitis B virus
surface antigen

HAsAg, hepatitis A virus
surface antigen

HIV-1 p7 antigen
IgE, immunoglobulin E
Insulin
IL(Interleukin)-18 binding

protein
IL(Interleukin)-2
IL(Interleukin)-4
IL(Interleukin)-6
IL(Interleukin)-8
IL(Interleukin)-10
IL(Interleukin)-10
Interferon-γ

Tumor, fertility
Infectious disease
Alzheimer’s disease
Tumor marker
Tumor marker
Tumor marker
Tumor marker
Tumor marker

Bone
Bone
Infectious disease
Tumor marker
Cardiac
Infectious disease
Tumor marker
Reproductive

endocrinology
Anemia
Reproductive

endocrinology
Reproductive

endocrinology
Infectious disease

Infectious disease

Infectious disease
Allergy
Diabetes mellitus
Sepsis

Immune system
Immune system
Immune system
Immune system
Immune system
Immune system
Immune system

TPrA, Ru(bpy)3
2+

TPrA, Ru(bpy)3
2+

TPrA, Ru(bpy)3
2+

TPrA, Ru(bpy)3
2+

TPrA, Ru(bpy)3
2+

TPrA, Ru(bpy)3
2+

TPrA, Ru(bpy)3
2+

TPrA, Ru(bpy)3
2+

TPrA, Ru(bpy)3
2+

TPrA, Ru(bpy)3
2+

TPrA, Ru(bpy)3
2+

TPrA, Ru(bpy)3
2+

TPrA, Ru(bpy)3
2+

TPrA, Ru(bpy)3
2+

TPrA, Ru(bpy)3
2+

TPrA, Ru(bpy)3
2+

TPrA, Ru(bpy)3
2+

TPrA, Ru(bpy)3
2+

TPrA, Ru(bpy)3
2+

TPrA, Ru(bpy)3
2+

TPrA, Ru(bpy)3
2+

TPrA, Ru(bpy)3
2+

TPrA, Ru(bpy)3
2+

TPrA, Ru(bpy)3
2+

TPrA, Ru(bpy)3
2+

TPrA, Ru(bpy)3
2+

TPrA, Ru(bpy)3
2+

TPrA, Ru(bpy)3
2+

TPrA, Ru(bpy)3
2+

TPrA, Ru(bpy)3
2+

TPrA, Ru(bpy)3
2+

TPrA, Ru(bpy)3
2+

23, 24
71–73

74
24, 75

24
76

77, 78
24, 25

79, 80
81
56
26

25, 82
83

27, 28
36

24
36

25, 38

49–51,
84
44

55
85

86, 87
88

89
89
24
24

89, 90
88
89
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Table 1 Continued

Analyte Application Detection method Ref.

(continued)

LH, lutropin

Osteocalcin
Pancreatic phospholipase A2
PTH, parathyroid hormone
Prolactin

PSA, prostate specific antigen

Serum interferon α
T4, thyroxine

T3, triiodothyronine

TSH, thyroid stimulating
hormone

TSH
Testosterone

Troponin

Tumor necrosis factor-α
B. Molecular Assays
Apo 8–100 gene mutation
Astrovirus
Coxsackievirus B3 RNA
CMV DNA
CMV mRNA
Dengue virus RNA
Enterovirus
Epstein–Barr virus DNA
Foot-and-mouth disease
HIV-1 RNA
HIV DNA

HPIV1/2/3
Influenza virus RNA

mRNA
Prothrombin gene mutation

Reproductive
endocrinology

Bone
Pancreatic diseases
Ca metabolism
Reproductive

endocrinology
Tumor marker

Immune system
Thyroid function

Thyroid function

Thyroid function

Thyroid function
Reproductive

endocrinology
Myocardial

Infarction
Immune function

Metabolism
Infectious disease
Infectious disease
Infectious disease
Infectious disease
Infectious disease
Infectious disease
Infectious disease
Infectious disease
Infectious disease
Infectious disease

Infectious disease
Infectious disease

Tumor marker
Venous

thromboembolism

TPrA, Ru(bpy)3
2+

TPrA, Ru(bpy)3
2+

Terbium chelate
TPrA, Ru(bpy)3

2+

TPrA, Ru(bpy)3
2+

TPrA, Ru(bpy)3
2+

TPrA, Ru(bpy)3
2+

TPrA, Ru(bpy)3
2+

TPrA, Ru(bpy)3
2+

TPrA, Ru(bpy)3
2+

Terbium chelate
TPrA, Ru(bpy)3

2+

TPrA, Ru(bpy)3
2+

TPrA, Ru(bpy)3
2+

TPrA, Ru(bpy)3
2+

TPrA, Ru(bpy)3
2+

TPrA, Ru(bpy)3
2+

TPrA, Ru(bpy)3
2+

TPrA, Ru(bpy)3
2+

TPrA, Ru(bpy)3
2+

TPrA, Ru(bpy)3
2+

TPrA, Ru(bpy)3
2+

TPrA, Ru(bpy)3
2+

TPrA, Ru(bpy)3
2+

TPrA, Ru(bpy)3
2+

TPrA, Ru(bpy)3
2+

TPrA, Ru(bpy)3
2+

TPrA, Ru(bpy)3
2+

TPrA, Ru(bpy)3
2+

36

81
91
92
36

25,
29–31

88
25, 40,
41, 43
25, 39,

41
25, 39,

41
42

36, 37

25, 82,
93–95

96

47
97
65
57
5

60
62
58
98

48, 99
45,

52–54
100

63, 64,
101

32–35
102
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The accepted clinical practice is for all thyroid diagnoses to be confirmed
by assays for thyroid markers present in the blood. The series of available
tests represent a good example of the flexibility of the ECL technique. Thyroid
stimulating hormone (TSH) [39–42], thyroxine (T4) [25,40,41,43], and tri-
iodothyronine (T3) [25,39,41] are used to determine whether the thyroid
gland is functioning properly and to diagnose possible ailments of the glands.
Below-normal concentrations of TSH strongly indicate hypothyroidism—a
medical condition affecting millions of individuals. A competent TSH assay
must be able to quantify extremely low levels of the hormone, as low as
0.01 µIU/mL, or 50 fM. The ECL-based assay developed for the Elecsys 2010
analyzer is a two-antibody sandwich assay and reports an impressive detection
limit of 0.005 µIU/mL, or 25 fM. The T4 assay is generally used with a TSH

molecular weight of free T4 (fT4) is relatively low, which precludes the two-
site sandwich assay format. To overcome this problem, the Elecsys ECL-based
assay for fT4 is formatted as a direct, one-step competition assay and reports
a detection limit of 300 fM. The Elecsys 2010 has a large panel of thyroid
markers—TSH, T4, T3, fT4, fT3, T-uptake, thyroglobulin, anti-TPO, and
anti-Tg. Other immunoassays available on the Roche Diagnostics instruments are

states.
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Table 1 Continued

Analyte Application Detection method Ref.

St. Louis encephalitis
Varicella-zoster virus DNA
West Nile virus RNA
∆F508 deletion

C. Other
Heavy metals
Potassium
Sodium

II. Assays for Coreactants
Carbon dioxide
Cholesterol
Ethanol
Glucose
Lactate
β-Lactamase

Infectious disease
Infectious disease
Infectious disease
Cystic fibrosis

Toxicology
Electrolytes
Electrolytes

Blood gases
Lipids
Toxicology
Diabetes mellitus
Exercise
Microbiology

TPrA, Ru(bpy)3
2+

TPrA, Ru(bpy)3
2+

TPrA, Ru(bpy)3
2+

TPrA, Ru(bpy)3
2+

TPrA, Ru(bpy)3
2+

TPrA, Ru(bpy)3
2+

TPrA, Ru(bpy)3
2+

NADH,Ru(bpy)3
2+

oxalate, Ru(bpy)3
2+

NADH, Ru(bpy)3
2+

NADH, Ru(bpy)3
2+

NADH, Ru(bpy)3
2+

Hydrolyzed
β-lactams,
Ru(bpy)3

2+

61
59
61

103

69
69
68

67
67

67, 104
67, 104

104
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assay to support the diagnosis in the case of an abnormal TSH result. The

also listed in Table 2 [44]. The menu is very broad, covering a number of disease
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Table 2 Immunoassays Available on Roche Diagnostics Instruments, the Elecsys 1010
and 2010 and the E-170

Fertility and hormones Thyroid function Tumor markers

LH TSH AFP
FSH T3 CEA
Prolactin T4 Total PSA
Estradiol Free T3 Free PSA
Progesterone Free T4 CA 125 II
Testosterone T-Uptake CA 15–3
HCG Thyroglobulin CA 19–9
Dehydroepiandrosterone sulfate Anti thyroglobulin CA 72–4
Cortisol Anti-thyroid peroxidase CYFRA 21–1 NSE

Cardiac Hepatitis Bone markers

Troponin T HBsAg PTH
CKMB Anti-HBs β-Crosslaps
Myoglobin Anti-HBc Osteocalcin
ProBNP Anti-HBc IgM
Digoxin Anti-HBe
Digitoxin Anti-HAV,

anti-HAV IgM

Anemia Diabetes Other

Ferritin Insulin IgE
Vitamin B12

Serum folate
RBC folate

The use of molecular assays to detect disease states and infectious agents
is also an important area of clinical diagnostics. ECL has been successfully
employed in a variety of molecular assays in which specific nucleic acid sequences
in the sample are hybridized to capture and label DNA or RNA probes [20,45,46],
and can be coupled with amplification schemes such as PCR [47] and NASBA
[5,48]. Only two molecular assays are commercially available at this time, for
application on the NucliSens reader (BioMerieux). They are for the detection and
quantification of human cytomegalovirus and HIV-1 mRNA in blood [5,48]. The
assays use a Ru(bpy)3

2+ label and TPrA coreactant for detection of NASBA RNA
amplicons. These are just two of the large number of assays developed for infec-
tious diseases that use ECL detection methods. The only other disease tests cleared
by the FDA at this time, however, are a number of immunoassays for the diagno-
sis of hepatitis A and B infection available for the Roche instruments (Table 2)
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[49–51]. The majority of assays for other infectious disease analytes were devel-
oped by and for the research community both for the identification of infection and
as a research tool for investigating disease models and monitoring therapies. A
number of ECL assays have been developed for HIV detection based on molecu-
lar probe assays [52–54] and immunoassays [55]. Anticytomegalovirus antibodies
have been detected in an ECL assay for monitoring infection and to help in the
development of vaccines [56], and direct detection of CMV DNA in serum and
plasma is also possible using an ECL probe assay [57].

Molecular probe assays have also been developed for a number of infectious
diseases in human samples, including Epstein–Barr virus [58], varicella-zoster
virus [59], and dengue virus [60]. Such rapid assays are required for diagnosing
disease and for guiding clinical care during recovery. ECL-based NASBA assays
have been developed for both West Nile and St. Louis encephalitis viruses and have
been used to detect viral RNA from mosquitoes, avian tissues, and human CSF
samples [61]. A NASBA assay was also developed for the detection of human
enteroviruses in a variety of clinical sample types on the NucliSens reader [62]. H5
[63] and H7 [64] strains of influenza virus and coxsackievirus B3 [65] have been
detected in tissue culture and may be useful for patient testing in the near future.

The high sensitivity of the ECL detection method is allowing researchers to
identify new disease markers. For example, using the ORIGEN technology,
researchers have identified colon cancer cells not normally detected by conven-
tional diagnostic methods [32], and others have shown that elevated serum levels
of laminin γ2-chain fragment could indicate the presence of tumor cells [66].

Detection of coreactants by ECL works well for analytes that can be cou-
pled to the enzymatic production of species, such as NADH, that can act as
a coreactant [67], or through the specific binding of a coreactant species on or
near the electrode surface [18]. Biosensors using this method have been devel-
oped for many classical or routine analytes such as glucose and cholesterol [67].
ECL detection has also been used to measure certain electrolytes such as sodium
and potassium [68,69]. Assays for the presence of β-lactamase have also been
developed based on ECL for the potential detection of bacteria resistant to
β-lactam antibiotics [70]. In this case, β-lactam is a poor coreactant, whereas the
ring-opened product, formed in the presence of β-lactamase-producing bacteria,
can generate ECL in the presence of Ru(bpy)3

2+.

V. APPLICATIONS IN LIFE SCIENCES RESEARCH

For more than a decade, ECL has been used in research laboratories to study
basic physiological mechanisms and discover the causes and potential cures for
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disease. A variety of assay formats have been devised, including standard
immunoassays to quantify cellular signaling molecules and to study drug
metabolism and more elaborate assays such as those to probe enzyme function,
ligand–receptor interactions, and protein–DNA binding. In recent years, per-
forming these assays in very high volume and in parallel has become increasingly
desirable. High throughput enables screening of compound libraries for drug
candidates, and parallel assays such as those that use arrays add extra efficiency
by allowing researchers to probe multiple targets simultaneously.

Sandwich immunoassays based on ECL have been used to detect numerous

been used in pharmaceutical research to detect cytokine responses in cell culture
supernatant [105,106], serum [107], and blood [108]. The simultaneous detection
of four cytokines from the same sample has been demonstrated using an array of
four detection antibodies on a platform designed for drug screening applications

identify mRNA coding for cytokines [109].
Assay formats based on ECL have also been developed for the direct mea-

surement of important biological interactions such as receptor–ligand binding and
other cellular signaling systems. An example of a direct receptor–ligand binding
application is the search for inhibitors of granulocyte colony-stimulating factor
(GCSF) using a recombinant human receptor [110]. In this assay, immobilized
receptor is incubated with test compounds and labeled GCSF: A decrease in ECL
indicates an inhibition of the binding event by the test compound. Researchers have
also investigated the interaction of β1 integrins with their physiologically relevant
ligands by incubating integrins in cell lysates with immobilized ligands and a la-
beled antibody specific for the integrins [111]. Further examples that demonstrate
the flexibility of the ECL technique are available: protein–protein interactions have

assay was developed to study the mechanisms of membrane fusion [113], and
protein–DNA interactions were measured to study heat shock factors [114].

Enzymatic activities have also been investigated using ECL-based
measurements. An assay for inhibitors of DNA helicases has been reported that
is adaptable for high-throughput screening of compound libraries in the search
for antiviral drugs [115]. Assays for other DNA-binding proteins and proteases
that affect these proteins are described in a recent patent application [116].
Immunoassays for amyloid peptides have been developed for measuring γ-
secretase activity to help understand the mechanism of amyloid peptide forma-
tion in Alzheimer’s disease [117]. Kinases, enzymes that phosphorylate proteins,
are important in the regulation and signaling of many cellular processes and are
therefore prime targets for drug development. Kinase activity can be measured
by detecting the products of the enzymes: ECL-based assays are formatted by
immobilizing the enzyme substrate on a solid support such as an electrode or
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cytokines in serum for clinical applications (see Table 1). Similar assays have

been probed to study the clearance of amyloid protein [112], an endosome fusion

(see Fig. 4) [9]. Nucleic acid amplification with ECL detection has been used to



peptide antibodies are added that bind the phosphorylated substrate to afford an
ECL signal [4].

Igen International and Meso Scale Discovery have developed and market
numerous assays for life science research and drug discovery and have presented
these findings at various conferences and industry gatherings [13,14]. Enzyme-
based examples include screening assays for HIV reverse transcriptase and
integrase, an assay for protease activity using labeled immobilized substrates,
high-throughput screening assays for kinase activity, and a number of systems to
probe ubiquitylation. Immunoassays have been demonstrated for measuring
cyclic-AMP and cyclic-GMP in cell lysates and for detecting various cytokines.
Assays are available for probing ligand binding and inhibition using immobilized
receptors, some using whole cells or membrane fragments immobilized on the
solid support. Epidermal growth factor receptor regulation and phosphorylation
of the receptor have also been studied. Other applications include assays to speed
antibody development and proteomic applications to search for apoptotic genes
and ubiquitylation substrates.

VI. WATER TESTING

Electrogenerated chemiluminescence has also been applied to environmental
analysis, including tests for parasites, bacteria, and toxic compounds in environ-

vary depending on the analyte; however, all reported assays use Ru(bpy)3
2+ as the

label and TPrA as the coreactant.
Cryptosporidium parvum is a protozoan parasite ubiquitous in water that,

if ingested in sufficient amounts, can cause gastrointestinal disease. The infec-
tious dose is low, so very sensitive assay methods are required. Immunoassays
using an ECL label have been reported for the Cryptosporidium parvum oocyst,
the form of the parasite typically found in water. Using a sandwich immunoas-
say on magnetic beads with ECL detection, oocysts were directly detected in
highly turbid water and sewer samples [118]. ECL-based immunoassays that
detect only viable organisms have been reported: One detects antigen released
upon mechanical disruption of the live oocyst [119], and the other detects
mRNA released by the viable oocysts upon heating the sample [120]. These
assays have potential use in monitoring the success of water treatment.

Escherichia coli and Salmonella sp. can also cause serious enteric disease
and are possible contaminants of drinking water. Both E. coli O157 and Salmonella
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mental water sources and drinking water (Table 3). The formats for these assays

bead and exposing this substrate to the enzyme (Fig. 7A). Labeled antiphospho-
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Table 3 ECL-Based Assays for Food, Water, and Biological Threat Agents

Analyte Sample matrix Assay methoda Detection limit Ref.

(Continued)

Cryptosporidium
parvum
oocysts

Escherichia coli
O157

Campylobacter

Salmonella

Water

Turbid water
Highly turbid water
Karst water

samples
Creek water

Drinking water

Feces

Various food
matrices

Ground beef

Ground beef,
chicken, fish,
milk, juices,
serum, water

Various food and
environmental
water matrices

Feces

Poultry samples

Feces

Surface swabs

NASBA RNA
amplification,
ECL probe
detection,
NucliSens reader

IA, Origen analyzer
IA, Origen analyzer
IA, Origen analyzer

IA, Origen analyzer

NASBA mRNA
amplification,
ECL probe
detection,
NucliSens reader

PATHIgen IA,
Origen analyzer

PATHIgen IA,
Origen analyzer

IA, Origen analyzer

IA, Origen analyzer

IA, Origen analyzer

PATHIgen IA,
Origen analyzer

PATHIgen IA,
Origen analyzer

PATHIgen IA,
Origen analyzer

PATHIgen IA,
Origen analyzer

About five viable
oocysts per sample

50 viable oocysts/mL
1 oocyst/mL
5 oocysts/mL

25 cells/mL, 1–2
viable cells/mL
after concentration

40 viable cells/mL

1×105 CFU/g

100 cells/sample,
more sensitive than
culture methods

100× as sensitive a
commercial
dipstick

1000–2000 cells/mL

Not reported

1×104 CFU/g

Comparable to
culture methods

5×105 CFU/g

1 CFU/100 cm2

120

119
118
125

123

124

14

14

126

121

136,
134

14

14

14

14
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typhimurium have been detected with high sensitivity in various environmental wa-
ter samples and food washings using rapid ECL-based immunoassays [121,122].
Other researchers have observed detection limits of 25 cells/mL in raw water, and
one to two viable cells per liter if the sample was first concentrated and enriched by
culturing [123]. A highly sensitive and specific assay for viable E. coli that does not
require a culturing step was also developed for water matrices, based on detection
of an mRNA sequence coding for a heat shock protein [124].

380 Debad et al.

Table 3 Continued

Analyte Sample matrix Assay methoda Detection limit Ref.

aIA = immunoassay.

Listeria
monocyto-
genes

Staphylococcus
aureus entero-
toxins

Bacillus
anthracis

Botulinus A
toxin

Cholera toxin

Ricin toxin

Poultry house drag
swabs

Various food
matrices

Ground beef,
chicken, fish,
milk, juices,
serum, water

Environmental
surface

Buffer, milk,
ground beef, let-
tuce, potato
salad

Buffer, various
food matrices

Serum, tissue,
buffer, urine

Buffer
Soil

Buffer
Buffer
Saliva swab
Buffer
Buffer
Buffer
Buffer
Buffer
Buffer

PATHIgen IA,
Origen analyzer

PATHIgen IA,
Origen analyzer

IA, Origen analyzer

PATHIgen IA,
Origen analyzer

PATHIgen IA,
Origen analyzer

IA, Origen analyzer

IA, Origen analyzer

IA, Origen analyzer
IA, Origen analyzer

IA, Origen analyzer
IA, Origen analyzer
IA, Origen analyzer
IA, Origen analyzer
IA, Origen analyzer
IA, Origen analyzer
IA, Origen analyzer
IA, Origen analyzer
IA, Origen analyzer

81% positive
predictive value vs.
culture

Equivalent sensitivity
to culture methods

1000–2000 cells/mL

1 CFU/100 cm2

10 pg/mL for SEB

5–50 ng/mL (SEA,
B, C1, C2, C3, D, E)

1 pg/mL for SEB

~0.5 pg/mL
105 spores

100 spores
1000 CFU/mL
Not reported
~5 pg/mL
4 pg/mL
~0.5 pg/mL
2 pg/mL
~5 pg/mL
0.5 pg/mL

14

14

121

14

14

14

127

131
135,
136
130
131
134
130
131
130
131
130
131
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VII. FOOD TESTING

Tests for foodborne pathogens are important tools in the food industry in screen-
ing products for contamination and in public health use for tracking down
sources and causes of disease outbreaks. Although current culture methods
can detect the pathogens in the low concentrations required for infectivity, they
are typically slow, requiring 2–4 days to complete. ECL-based assays provide
an alternative testing method, typically provide results much faster, and are
ideal for food testing because of their high tolerance to various matrices

Numerous ECL-based assays have been developed for food pathogens. An

in which various food matrices were spiked with E. coli and S. typhimurium and
the bacteria were quantified using bead-based ECL immunoassays [121]. The
ability of the assays to detect bacteria in nearly all the matrices tested led the
authors to recommend the method as a rapid, sensitive, and easy screening
method for virulent food pathogens.

Another study investigated the detection of E. coli O157:H7 in ground
beef, the food most associated with E. coli outbreaks [126]. Spike and recovery
experiments with ECL immunoassay detection demonstrated that 0.05 colony-
forming unit (CFU) of bacteria per gram of beef could be detected using an 18 h
enrichment culture. The ECL assay was 100 times as sensitive as a commercially
available rapid test kit.

Staphylococcus aureus enterotoxins are also a major cause of food poison-
ing. These are low molecular weight proteins produced by various strains of
the bacteria, and their high toxicity demands a very sensitive detection technique.

in both civilian and military arenas. Sensitive and rapid ECL immunoassays
for a number of these toxins have been developed using antibodies specific
for enterotoxins A, B, C1, C2, C3, D, and E and deemed sensitive enough for
food industry use and biowarfare detection [14]. The detection of the B toxin
has been demonstrated in a number of biological matrices including serum,
urine, tissue, and buffer [127]. Reported sensitivities were 1 pg/mL for all
matrices.

Igen International recently commercialized immunoassay kits for detec-
tion of pathogens relevant to environmental and food testing. The products,
trademarked under the PathIGEN name [2], are magnetic bead–based sand-
wich immunoassays for use on ORIGEN and newer M-series instruments [14].
Tests currently available detect E. coli O157, Salmonella, Listeria, and
Campylobacter. Food testing has shown these tests to be much faster than and
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(Table 3).

example is shown in Figure 10, which shows the results for E. coli from a study

The toxins also have the potential for use as biological weapons (see Section
VIII), and many reports dealing with assays for these toxins discuss applications



at least as sensitive as standard culture methods for pathogen detection. Other
applications are possible, such as screening commercial chickenhouses for
Salmonella, detecting Listeria and Salmonella in surface swabs, and identifying
E. coli, Salmonella, and Campylobacter in fecal samples at sensitivities
appropriate for clinical use.

382 Debad et al.

Figure 10 ECL detection of E. coli O157:H7 (2000 cells/sample) in diverse sample ma-
trices. Identical amounts of bacteria were spiked into each sample, and the E. coli assay
was performed on an ORIGEN analyzer. (From Ref. 121.)
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VIII. DETECTION OF BIOLOGICAL THREAT AGENTS

Assays based on ECL have been reported for the detection of numerous threat
agents including toxins, bacteria, and viruses using both immunoassay and

and more sensitive result than standard laboratory methods [128,129] such as
culturing.

The high sensitivity of ECL-based immunoassays for biowarfare agents has
been well established. Early work noted femtogram detection limits for purified
biotoxoids (Staphylococcus aureus enterotoxin B, botulinus A, cholera, and ricin
toxins) [130]. A more recent report added Bacillus anthracis and E. coli O157:H7
to the list of assays and included a virus (MS2, male-specific coliphage) to
simulate the detection of a viral agent such as smallpox, Ebola, or yellow fever
virus [131]. Sensitivities are shown in Table 3 and are improved at least 100 times
over fluorescence-based plate assays. Recently, DNA aptamers were developed
that are specific to cholera toxin, SEB, and anthrax, and a sandwich assay was
demonstrated for the latter [132,133].

These reports have established the high sensitivity of ECL assays for agent
detection in the research setting; however, field samples come in a variety of ma-
trices. Environmental sampling matrices include water, air filter extracts, soils,
surface swabs, and food. In the event of a potential exposure, clinical samples
such as saliva, urine, feces, serum, blood, and lesion exudates would require
testing to identify those exposed and to monitor therapy. As already discussed,
ECL technology is very tolerant of complex matrices and therefore ideal for
applications in biological threat detection. Examples of ECL-based agent detec-
tion in various matrices include highly sensitive assays for Staphylcoccus aureus
enterotoxin B in serum, tissue, and urine [127]; detection of anthrax spores in
saliva swabs [134]; and an immunoassay for the detection of anthrax spores in
soils, a sample matrix important in both military and agricultural testing for this
naturally occurring bacterium [135,136].

Further proof of the utility of ECL in real diagnostic arenas is the growing
involvement of Igen International with various U.S. government agencies
and programs aimed at developing detection systems for homeland security and
military defense [14]. These include numerous programs within the Department
of Defense for instruments, reagents, and assay development for the detection of
biological agents or toxins in environmental and clinical samples. Some of these
systems are designed for battlefield use or deployment within mobile laboratories
throughout the combat zone. Another cooperative research and development
agreement with the U.S. Army Medical Research Institute of Infectious Diseases
(USAMRIID) deals with developing tests for food-, water-, and environmentally
borne toxins. The intended application is to protect American troops from
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nucleic acid amplification formats (Table 3). Often, these assays provide a faster



diseases caused by biological agents, and the tests are designed for use by
government agencies, food processors, and analytical laboratories.

IX. CONCLUSION

This chapter has reviewed the use of electrochemiluminescence in the measurement
and detection of biologically important compounds. It is clear from the material
presented that ECL has made considerable inroads into a variety of disciplines. In
terms of sheer volume of assays performed, the field of clinical diagnostics has
perhaps benefited most from the introduction of highly sensitive ECL detection
methods. Further growth in this area is guaranteed, as diagnostic companies expand
their markets and test menus to include newly developed clinical assays. Currently,
there is also a great deal of interest in the use of ECL methods for the detection of
potential biological warfare agents as well as naturally occurring environmental
pathogens. In these particular fields, the insensitivity of ECL techniques to matrix
effects provides a clear advantage over other detection methodologies. ECL
application in laboratories performing life science research is also considerable,
and the recent introduction of high-throughput platforms should greatly enhance the
use of ECL in the search for new disease therapeutics. The application of ECL to
biological molecule detection in these and related fields will continue to expand,
as more researchers and clinicians recognize the benefits of detection systems based
on ECL.

ABBREVIATIONS

AFP α-Fetoprotein

Anti-HBc Antibody hepatitis B core antigen

Anti-HBs Antibody hepatitis B surface antigen

Anti-HBe Antibody hepatitis B e antigen

Anti-HAV Antibody hepatitis A virus

Anti-Tg Antithyroglobulin

Anti-TPO Antithyroid peroxidase

CA Cancer antigen

CCD Charge-coupled device

CEA Carcinoembryonic antigen
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CMV Cytomegalovirus

CYFRA Cytokeratin fragment

DNA Deoxyribonucleic acid

dUTP 2′-Deoxyuridine 5′-triphosphate

ECL Electrogenerated chemiluminescence or electrochemiluminescence

ELISA Enzyme-linked immunosorbent assay

FDA Food and Drug Administration (U.S.)

FSH Follicle stimulating hormone (follitropin)

fT3 Free T3

fT4 Free T4

GCSF Granulocyte colony-stimulating factor

HBeAg Hepatitis B e antigen

HIV Human immunodeficiency virus

HbsAg Hepatitis B viral surface antigen

HasAg Hepatitis A viral surface antigen

HCG Human chorionic gonadotropin

HPIV Human parainfluenza virus

IgE Immunoglobulin E

IgM Immunoglobulin M

IA Immunoassay

IM Immunomagnetic

IU International unit

LH Luteinizing hormone (lutropin)

mRNA Messenger ribonucleic acid

MS2 Male-specific coliphage

NADH Nicotinamide adenine dinucleotide

NASBA Nucleic acid sequence based amplification

NHS N-Hydroxyl succinimide

NSE Neuron-specific enolase

PCR Polymerase chain reaction

PMT Photomultiplier tube

ProBNP Brain natriuretic peptide

PSA Prostate-specific antigen

PTH Parathyroid hormone

RIA Radioimmunoassay

RNA Ribonucleic acid

Ru(bpy)3
2+ Ruthenium trisbipyridine
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SEB Staphylococcus aureus enterotoxin B

STAT Short turnaround time

T3 Triiodothyronine

T4 Thyroxine

TPrA Tripropylamine

TSH Thyroid-stimulating hormone

USAMRIID US Army Medical Research Institute of Infectious Diseases
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9
Analytical Applications: Flow
Injection, Liquid Chromatography,
and Capillary Electrophoresis

Neil D. Danielson
Miami University, Oxford, Ohio, U.S.A.

I. INTRODUCTION

The intent of this chapter is to describe the use of flow injection (FI), liquid
chromatography (LC), and capillary electrophoresis (CE) with luminol electro-
generated chemiluminescence (ECL) and principally tris(2,2′-bipyridyl)ruthe-
nium(III) (Ru(bpy)3

3+) ECL detection. Analytical applications involving other
ruthenium complexes such as those with the corresponding phenanthroline ligand
[Ru(phen)3

3+] are uncommon but will be mentioned occasionally.
Instrumentation involving FI, LC, and CE will be considered; design of sensors
will not be covered.

Several quite recent review articles describing analytical applications of
ECL have been published, and these will be briefly summarized here. The defi-
nition of ECL used in these articles and many other papers is chemiluminescence
(CL) produced as the result of an electrochemical reaction or the light produced
when molecules, excited as the result of an oxidation–reduction reaction, relax
back to the ground state and emit light. ECL mechanisms emphasizing
Ru(bpy)3

3+ and luminol, analytical applications, limitations such as interfering
species and reproducibility, and developments in chemistry and instrumentation
are summarized for primarily the last five years in Ref. 1. The ECL of both
organic species and metal complexes [mainly luminol and Ru(bpy)3

3+,
respectively] with strong coverage of biosensors such as those for immunoassay
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are the primary subjects of Ref. 2. A review of basic principles and applications
of Ru(bpy)3

2+ ECL including emphasis on dehydrogenase enzyme assays and
immunoassays is available [3]. Another article [4] focuses on Ru(bpy)3

3+ CL
starting with a historical account, followed by a description of different methods
of generating Ru(bpy)3

3+, and finally presenting a comprehensive discussion of
applications. Seven tables summarizing applications subdivided into oxalate and
organic acids, amines, amino acids and proteins, pharmaceuticals, other analytes,
indirect methods, and immunoassays are included along with text summaries of
selected papers. In addition, both proposed reaction mechanisms involving
Ru(bpy)3

3+ and various analytes are discussed.
The acronym ECL has also been described quite specifically in the

literature as CL that results from reactions that occur at an electrode surface in
the presence of a photodetector, often a photomultiplier (PMT). Besides the
oxidation of Ru(bpy)3

2+ to Ru(bpy)3
3+ at the electrode, this ECL process in the FI

mode likely also involves oxidation of the analyte such as tripropylamine at the
electrode to generate a reactive radical reducing intermediate that reacts with
Ru(bpy)3

3+ to give CL [5]. In this chapter, ECL will most often be used in this
context; that is CL produced at an electrode surface.

Because these review articles are quite comprehensive up to their
publication date and are readily available, in this chapter I emphasize studies
from 1998 and later. Sections II–V discuss FI and LC instrumentation, FI and LC
applications, CE instrumentation and applications, and conclusions and possible
future developments, respectively. A list of abbreviations is included before the
references. Most of the emphasis is on Ru(bpy)3

3+ applications, which are better
represented than luminol systems in the literature. With respect to applications,
the chemical structures of the target compounds and derivatization chemistry are
given emphasis. Previous CL review articles did not include chemical structures.

II. FLOW INJECTION AND LIQUID CHROMATOGRAPHIC
DETECTOR INSTRUMENTATION

A. Luminol ECL

A schematic diagram for a typical FI instrument for luminol ECL is shown in

adjusted first before mixing with luminol. For the determination of phenolic
compounds, the presence of KCl caused a more stable ECL response. After
mixing with the injected sample, this solution is pumped into the ECL cell
containing a glassy carbon working electrode, an Ag/AgCl reference electrode,
and a stainless steel counter electrode. These cells can be fashioned out of a
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Figure 1A [6]. The pH (usually very alkaline, pH 12) and ionic strength are



solid fluorocarbon polymer block with a PMT detector mounted against the
glass window (Fig. 1B) or constructed simply from a glass tube (i.e., 3 mm
× 3 cm).

Although most studies of the ECL of luminol have been carried out in
alkaline solution, there is one report of the polymerization of luminol on the
electrode surface under acidic conditions using electrolysis at 1.2 V vs. SCE [7].
A mechanism of polymerization of luminol analogous to that of aniline to form
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Figure 1 (a) Schematic diagram of FI instrument used for luminol ECL. (b) Thin-layer
flow-through ECL cell. (From Ref. 6.)
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polyaniline is proposed. Such a polyluminol electrode using FI with an alkaline
carrier stream could enhance the ECL of flavin compounds (riboflavin and flavin
mononucleotide). It was postulated that the photochemical activity of riboflavin
could play a role in the ECL response.

For liquid chromatography, the consideration of flow cell volume is
more important. In one study [8], a 37 µL volume flow cell fabricated from
PEEK polymer with a gold gauze working electrode, a Pd/PdO reference
electrode, and a Pt auxiliary electrode was mounted in a commercially available
fluorimeter with the lamp disconnected. In a second study [9], the flow cell fabri-
cated from a Kel-F block with two Pt disc electrodes was only 8 µL in volume. In
general, because ECL of luminol is fast, the electrode system is contained within
the flow cell.

B. Ru(bpy)3
3+ Chemiluminescence

Because Ru(bpy)3
3+ is somewhat unstable, it must be generated by oxidation of

Ru(bpy)3
2+. The three basic approaches for either FI or LC that will be reviewed

here are (1) external generation batchwise by either electrolysis or an oxidizing
agent and then mixing with the analyte, (2) on-line electrochemical or
photochemical generation and then mixing with the analyte, and (3) in situ
generation in the presence of the analyte at an electrode positioned in front of the
photodetector (ECL). Instrumentally, methods 1 and 2 have the advantage of
being compatible with commercially available LC luminescence detectors.

1. Comparison of In Situ Generation (ECL) and External Generation

A comparison of methods 1 and 3 has been made [10] using three approaches:
(1) external generation of Ru(bpy)3

3+ at an electrode, (2) ECL with a Ru(bpy)3
2+

solution, and (3) ECL with immobilized Ru(bpy)3
2+. A diagram of the overall

3
3+ was done using a glassy carbon

sponge electrode, an Ag/AgCl reference electrode, and a Pt counter electrode
for 1 h for 200 mL of 2 mM Ru(bpy)3

2+. Using an applied potential of 1.3 V, ECL
of 2 mM Ru(bpy)3

2+ at dual Pt working electrodes and ECL of Ru(bpy)3
2+ im-

mobilized on the Pt electrodes coated with a Nafion film were carried out using
the same flow cell assembly with a volume of 100 µL. Using proline and oxalate
as test compounds for flow injection, the ECL solution mode showed little
change in CL as a function of flow rate for oxalate but a sharp decrease in signal
with flow rate for proline. This is because the maximum emission intensity
profile with time is estimated to be less than 1 s for oxalate but about 3–5 s for
proline. The ECL immobilized mode was independent of flow rate as expected.
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instrument is shown in Figure 2, and details of the flow cells are shown in
Figure 3. External generation of Ru(bpy)



The flow rate dependence of the CL reagent and carrier streams in the external
generation mode varied for proline and oxalate, with optimum CL values of about
1 and 2 mL/min, respectively. The oxalate and proline working curves for the
ECL solution and immobilized modes were linear over four orders of magnitude,
but linearity was only three orders of magnitude for the external generation mode.
The signal intensities over these linear ranges were consistently ordered ECL
immobilized < ECL solution < external generation. The relative intensity ratios
(external generation/ECL solution and ECL solution/ECL immobilized) for
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Figure 2 Schematic diagram for experimental comparison of CL modes. CL reagent and
pump were used only for external generation mode. Potentiostat was used for the in
situ/solution and in situ/immobilized modes. (From Ref. 10.)

Figure 3 Details of flow cells. (a) External generation mode; (b) in situ/solution and in
situ/immobilized modes. (From Ref. 10.)

(a) (b)
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various compounds are tabulated in Table 1. The ECL solution mode generally



produced a stronger signal than that for the immobilized sensor. The external
generation mode provided markedly the strongest CL intensities, particularly for
aliphatic amines and antibiotics. However, considering time, convenience, and
reliability, the ECL solution mode was considered best. Only a short time was
needed to polish the electrodes, whereas 2–3 h is required to immobilize
the Ru(bpy)3

2+, and the sensor must be replaced on a daily basis. The external
generation mode involves a 30–60 min oxidation time, and stability of the reagent
can be problematic.

A CL system using Ru(bpy)3
2+ oxidized by Ce(IV) and an ECL system

using an Al working electrode were compared for the determination of morpho-
line fungicides [11]. Calibration characteristics using dodemorph as the test
compound for both methods were similar, showing linearity from about 1 × 10–7

M to 1 × 10–5 M and detection limits at 4 × 10–8 M. Although ECL was deemed
the more elegant method, it was less tolerant to methanol, which was used for
some of the sample extractions.

2. ECL Modes

Some of the findings in Ref. 10 have been followed up. A more detailed stopped
flow analysis of the Ru(bpy)3

3+ reaction with oxalate and proline has been
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Table 1 Relative CL Intensity Ratios for Different Modes of Ru(bpy)3
3+ Generation

Compound External generation/ ECL solution/
(1 mM) ECL solution ECL immobilized

Oxalate 54 8
Proline 226 0.7
NADH 176 0.6
Tripropylamine 105 8
Tryptophan 38 14
5-Hydroxytryptophan 41 21
Histidine 30 87
Serotonin 21 55
Epinephrine 3 5
Gentamicin 348 0.2
Streptomycin 323 0.3
Gly-Proa nd nd
Pro-Gly 175 2
Backgroundb 25 2

aNot determined (nd) because external generation signal was 72 and both ECL signals were 0.
bCL intensities for external generation, ECL solution, and ECL immobilized were 40, 1.6, and 0.8, 
respectively.

Source: Calculated from data in Ref. 10.
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provided using a reaction rate method to differentiate these two compounds in a
mixture [12]. Temporal and spatial analyses of Ru(bpy)3

3+ ECL in flowing
streams were carried out in both stopped flow and FI modes using a charge-
coupled device (CCD) for imaging. The maximum signals for the stopped flow
CL time profiles for oxalate, tripropylamine, and proline occurred respectively at
1.2 s, 2.5 s, and 13.5 s (Fig. 4). The overall emission profiles covered only a few
seconds for oxalate, about 1 min for tripropylamine, and 3–4 min for proline. As

Analytical Application: FI, LC and CE 403

Figure 4 Stopped-flow traces for CL reaction of 1.0 mM Ru(by)3
3+ with 0.2 mM

(a) oxalate, (b) tripropylamine, and (c) proline. Inset figure (d) displays the CL intensities
of each analyte over the range of linear velocities studied by flow injection analysis with
the PMT. (From Ref. 12.)
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expected, the optimum flow rates were inversely related to the time of maximum
emission for the three compounds, and this has been an important consideration
even for compounds within the same general class such as amines. Using pseudo-
first-order decay data, the stopped flow technique could differentiate kinetically
between oxalate and proline in a mixture [13].

More information describing the use of Ru(bpy)3
3+ immobilized on the

fluorinated cation-exchange polymer Nafion and its possibility for regeneration
can be found in Ref. 14. Better ECL detection limits and linear ranges were found
for tripropylamine and oxalate using a Nafion–silica composite film compared to
Nafion alone [15]. In addition, a comparison of ECL in solution and immobilized
in a cationic polypyrolle derivative for tris(4,7-diphenyl–1,10-phenanthro-
linedisulfonic acid)ruthenium(II) (RuBPS) has been made [16]. In solution, a
maximum ECL response occurred with 250 µM of RuBPS, lower than the con-
centration usually reported for Ru(bpy)3

3+. Slower linear velocities gave better
ECL for RuBPS and oxalate in contrast to Ru(bpy)3

3+ and oxalate; amines such
as proline, tripropylamine, and NADH were also studied.

Similar ECL modes for Ru(bpy)3
3+ have also been advocated. The genera-

tion of Ru(bpy)3
3+ using a glassy carbon working electrode at alkaline pH with

or without an organic modifier in the carrier stream has been examined [17]. With
careful sanding and polishing, the glassy carbon electrode showed good stability
in an alkaline mobile phase for at least 40 h. The presence of 10% acetonitrile did
reduce the stability of the electrode response. For the determination of underiva-
tized amino acids after ion-exchange chromatography, detection limits ranged
from 100 fmol for proline to 22 pmol for serine. An ECL flow-through detector
using a Pt working electrode and an Ag reference electrode has been fabricated
using a silicon photodiode detector [18]. The advantages of the silicon photodi-
ode are primarily the low voltage (12 V) required for the power supply and the
potential for miniaturization in the design of a portable instrument. The detector
was tested by mixing Ru(bpy)3

2+ with tripropylamine as the injected analyte. The
limit of detection of 135 ppb was higher than the 4 ppb possible using a PMT
detector, but reproducibility of the silicon photodiode detector was better than 2%
whereas that for the PMT ranged from 2% to 8%.

New immobilization methods for Ru(bpy)3
2+ on films and particles are

receiving interest. Recently, the ECL of Ru(bpy)3
2+ immobilized in a polystyrene-

sulfonate (PSS)–silica–Triton X–100 composite film was reported [19]. The PSS
polymer–silica combination immobilized Ru(bpy)3

2+ strongly on the electrode,
and the Triton X–100 prevented fractures of the film during drying. Flow injection
detection limits of oxalate and tripropylamine were 0.1 µM, and linearity covered
three orders of magnitude. Ru(bpy)3

2+ immobilized on a Dowex–50 cation-
exchange resin was developed as an FI chemiluminescent sensor for oxalate,
sulfite, and ethanol [20]. A strong CL signal for oxalate and sulfite (10–6 and 10–7

respective detection limits) and a much weaker one for ethanol (0.5% detection
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limit) were observed in the presence of either a KMnO4 or Ce(IV) oxidizing agent.
The Ru(bpy)3

2+-immobilized resin was stable for 6 months.
The covalent immobilization of a new CL ruthenium-based dichlorosilyl-

bipyridyl ligand complex onto silica particles was of particular interest [21]. The
silica particles with the bound CL reagent were packed into a 1.5 × 15 mm tube
that was mounted in front of the PMT. Using sequential FI, zones of sulfuric acid,
the oxidizing agent Ce(IV), and the analyte (e.g., codeine) were passed through
the detection cell. The CL response was much stronger when codeine was
prepared in acetonitrile than in water. After a steady-state response of 100 cycles,
a detection limit of 1 × 10–8 M codeine was found to be only somewhat inferior
to that for a homogeneous reaction. Standard FI that mixed a sulfuric acid
sample carrier stream and a Ce(IV) mobile phase just before the detection cell
indicated a detectability for oxalate of 3 × 10–7, M, which compares favorably to
other immobilized Ru complex CL approaches.

3. External Generation

Many commercial CL detectors have large flow cell volumes on the order of
100 µL, which cause excessive band broadening. An LC fluorimeter with an 8 µL
flow cell was modified for Ru(bpy)3

3+ CL [22]. The mobile phase and analyte
pass conventionally into the flow cell from the bottom, whereas the Ru(bpy)3

3+

reagent generated by external batchwise electrolysis enters the detector from the
top by means of a fused silica capillary. A stainless steel tube leading out of the
top of the flow cell is coaxially fitted with this capillary straight through a tee
connector, leaving enough space to allow waste to exit between the tubing walls
and out the third end of the tee connector. One advantage of this flow cell design
is that the CL reaction takes place directly in the flow cell mounted in front of
the PMT. The Ru(bpy)3

3+ CL reaction is short-lived for tertiary amines, and the
optimum light intensity could be missed if the reaction occurs remotely in a
mixing tee, away from the PMT. Compared to the standard T-mixing design this
flow cell showed enhanced detectability for pheniramine, a pharmaceutical with
a tertiary aliphatic amine substituent, at flow rates of less than 200 µL/min. The
separation of anticholinergic compounds such as atropine, cyclopentolate,
cyclobenzaprine, procyclidine, and dicyclomine under microbore LC conditions
using a 1 µL injector and a 2 × 150 mm reversed-phase C8 column was facilitated
by the use of 20% 2-butanone as a mobile phase additive. Recently a 5.5 µL

terized for luminol CL [23]. This detector should be useful for microbore or
perhaps capillary LC with Ru(bpy)3

3+ detection, particularly for mixtures of
compounds having different optimum CL emission times.

External batchwise Ru(bpy)3
3+ production by chemical means with

improved long-term reproducibility continues to be researched. Two alternative
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spiral flow cell made with 100 µm × 70 cm Teflon capillary (Fig. 5) was charac-



strategies using lead dioxide were compared by Gerardi et al. [24]. First,
Ru(bpy)3

3+ was produced using a slurry of lead dioxide at sulfuric acid
concentrations of 0.05–2 M. Stability of the CL response of codeine was im-
proved from just a few hours using 0.05 M acid to about 30 h with an acid

to about 240 h was observed. The reason for this improved stability was
thought to be the increased difficulty of the oxidation of water at low pH.
However, mixing this acidic Ru(bpy)3

3+ solution with a high pH carrier to main-

strategy studied was to recirculate the principally Ru(bpy)3
3+ solution through

lead dioxide particles trapped within a glass wool filter to reoxidize Ru(bpy)3
2+

in order to achieve a steady-state concentration. An overall response variation of
only 14% was observed over a 90 h period for the reagent prepared in 0.1 M acid
(Fig. 6b).

The problem of oxidation of water by Ru(bpy)3
3+ that causes its instability

was overcome by the synthesis of anhydrous tris(2,2′-bipyridyl)ruthenium(III)
perchlorate for dissolution in acetonitrile [25]. It was synthesized by oxidation
of Ru(bpy)3

2+ with chlorine gas and subsequent precipitation with sodium
perchlorate. The stability of this Ru(bpy)3

3+ salt in acetonitrile was followed
spectrophotometrically at 674 nm, and only a decrease of <6% was noted over a
time period of 50 h. Flow injection using codeine to generate the CL response
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Figure 5 Schematic diagram of the 5.5 µL spiral CL flow cell. (From Ref. 23.)
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tain a strong CL signal is problematic, as evidenced by split FI peaks. A second

strength 10 times greater (Fig. 6a). Using a 2 M acid strength, CL stability up



showed stability over a 50 h time period and a decrease in signal of <8%. Besides
eliminating the requirement for any prior oxidation step, advantages of this
approach are the compatibility of acetonitrile with the carrier stream and the
reduced blank response due to the lower buffer concentration required. This
Ru(bpy)3

3+ perchlorate salt in dry acetonitrile was applied to the FI determination
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Figure 6 (a) Reagent response profiles A, B, and C for codeine (5 × 10–6 M) in sodium
acetate buffer (50, 100, and 500 mM, respectively, at pH 5.0) using Ru(bipy)3

3+ (2.0 mM
prepared in 0.05, 0.10, and 0.50 M H2SO4, respectively). (b) Reagent response profiles
A and B for codeine (5 × 10–6 M) in sodium acetate buffer (50 and 100 mM, respectively,
at pH 5.0) with Ru(bipy)3

3+ (2.0 mM prepared in 0.05 and 0.10 M H2SO4, respectively)
using the continuous oxidation recirculating system. (From Ref. 24.)
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of oxalate in Bayer process samples after passage through a short anion-exchange
column [26].

Recently, Ru(bpy)3
2+ bound to water-soluble polymers was considered as a

potential means of reagent stabilization [27]. A sodium sulfate solution contain-
ing PSS bound to Ru(bpy)3

2+ generated a lower current profile upon electrolysis
than a free Ru(bpy)3

2+ solution and a corresponding longer oxidation time (about
2 h for a 100 mL solution). However, the stability of the tripropylamine CL
signal at room temperature as measured by at least 90% maintenance of response
was markedly longer, up to about 12 h using the polymer bound reagent
compared to only about 100 min for the free reagent. The CL signal dropped
slowly to the 60% level at 24 h, but CL response was maintained up to 60 h.
However, detectability of tripropylamine using the free reagent was about
20 times better than with the polymer-bound reagent. A polyglutamic acid
polymer–Ru(bpy)3

3+ solution showed better stability than the free reagent but not
for as long (16 h) as the PSS–Ru(bpy)3

3+ mixture. A possible explanation for the
better stability using the PSS polymer is that the more hydrophobic aromatic
polymer hinders access of water for oxidation by Ru(bpy)3

3+.

4. On-Line Oxidation

An approach using on-line oxidation of Ru(bpy)3
2+ in a flowing stream also

appears promising. Oxidation of Ru(bpy)3
2+ to Ru(bpy)3

3+ using a solid-phase
reactor packed with 250 µm silica gel particles coated with lead dioxide provided
a reproducible FI response for either oxalate [28] or codeine for about 70–80
injections with a detectable signal maintained for 1000 injections [29]. Further
improvement in stability was deemed necessary for process analysis. Generation
of Ru(bpy)3

3+ from a reservoir of 1 mM Ru(bpy)3
2+ and 2 mM peroxydisulfate

ion by flowing this solution through a coiled PTFE tubing (1 mm × 8m) photore-
actor is possible, and this process can be easily interfaced for postcolumn LC

was 12 min. The actual concentration of Ru(bpy)3
3+ produced was not

determined, but the CL signal-to-noise ratio leveled off at 0.5–1 mM Ru(bpy)3
2+.

A consistent CL response was found for 3 days when the solution was stored in
the refrigerator despite the instability of peroxydisulfate in an aqueous solution.
Low detection limits in the 10–100 fmol range for tertiary aliphatic amines were
found despite the low reaction pH of 5.5. This photochemical method for
Ru(bpy)3

3+ production has been used for the FI determination of the pesticides
carbofuran and promecarb [31]. Short term repeatability was 1.6% (n=10), and
reproducibility studied on five different days was excellent at 2%.

On-line electrochemical generation of Ru(bpy)3
3+ using a coulometric

flow-through reactor has been known for some time [32]. A recent flow diagram
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derivatization (Fig. 7) [30]. Using a flow rate of 0.5 mL/min, the irradiation time

of this system is shown in Figure 8 [33]. The guard cell containing the working



electrode where the electrochemical oxidation takes place was porous graphite.
Particular care was taken to eliminate dissolved oxygen by using both a He
purge and an on-line degasser for all flow streams. In addition, the tube from the
mixing tee to the CL detector was metal, not polymeric. Pump pulsation was
minimized using the dampers and resistance coils.

Analytical Application: FI, LC and CE 409

Figure 7 Flow diagram of an instrument combining on-line photochemical generation of
Ru(bpy)3

3+ with liquid chromatography and chemiluminescence detection. (From Ref. 30.)

Figure 8 Flow diagram of the on-line electrochemical LC–Ru(bipy)3
3+ CL system.

(From Ref. 33.)
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5. Microfabrication for FI and LC

On-chip generation and detection of Ru(bpy)3
2+ ECL has been accomplished in

several ways. An interdigitated electrode array (IDA) resting on top of a silicon
photodiode has been used [34]. The IDA layout, made from either Au or Pt, con-
sisted of 125 alternate pairs of 1 mm long microbands, with an electrode spacing
of 0.8 µm and an electrode width of 3.2 µm. Two array–photodiode assemblies,
both contained in only a 5 × 6 mm2 area and incorporated into a 2.25 µL flow
channel, were fabricated so the photocurrent produced from the ECL light gener-
ated at one assembly could be detected in reference to the other dummy assem-
bly. A calibration curve for Ru(bpy)3

2+ from 0.5 to 50 µM showed excellent
linearity. This IDA was applied for the determination of codeine at a flow rate of
0.5 mL/min with a 1 min cycle time using a pH 4 acetate buffer containing
different 1 mM ruthenium complexes [35]. The bis(2,2′-bipyridyl)(1,10-phenan-
throline)ruthenium(II) complex gave a signal about 2.5 times better than that of
Ru(bpy)3

2+. A detection limit for codeine at 50 µM and a linearity of two to three
decades were found. The combination of a microenzymatic reactor and an ECL
detector, both fabricated as Pt or carbon IDAs, was incorporated into an FI
instrument [36]. The reticulated reactor (2.7 µL) was packed with silica particles
with immobilized glucose oxidase. Glucose was defected either by electrochem-
ical oxidation of the enzymatically generated H2O2 (2 µM detection limit) or by
using the ECL detector in which the oxidation of luminol and H2O2 generated
light (50 µM detection limit). The ECL detector was also characterized separately
using codeine and Ru(bpy)3

3+ chemistry, indicating a detection limit of 100 µM.
A micro total analytical system (µTAS) moving reagents through 200 µm wide
channels on a glass chip by electro-osmotic flow was characterized by using
codeine as the analyte and Ru(bpy)3

3+ CL detection with light emission enhanced
with the nonionic surfactant Triton-X [37]. A similar instrument with negative
pressure pumping provided a nanomolar detection limit for atropine upon
reaction with chemically oxidized Ru(bpy)3

2+ [38].
An electrochemical cell microfabricated from silicon containing gold and

optically transparent indium tin oxide (ITO) electrodes was characterized for the
determination of DNA amplified by the polymerase chain reaction [39]. A silicon
and glass microcell with dimensions of 1.5 cm × 2 cm × 0.2 cm with miocroma-
chined fluid channels and thin-film Pt electrodes was used for the determination
of DNA with sample volumes of 150 µL [40]. DNA strands labeled with
Ru(bpy)3

2+ and bound through a biotin–streptavidin linkage to paramagnetic

magnetically to the bottom Pt electrode surface, and the cell is flushed with a
tripropylamine solution to remove any unbound DNA. A potential sufficient 
to oxidize the Ru(bpy)3

2+ label is applied, and the resultant ECL is recorded. 
A detection limit of 40 fmol DNA was possible. Limitations to be addressed are
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beads are injected into the microcell shown in Figure 9. They are attracted



that only part of the bead surface (that within several nanometers of the electrode)
is active and the beads are optically opaque possibly obstructing the emitted 
light.

III. FI AND LC APPLICATIONS OF LUMINOL ECL AND RU(BPY)3
3+

OR RU(PHEN)3
3+ CL

The luminol section will be quite brief, dealing mainly with FI of phenolic
compounds, FI coupled with oxidase enzyme reactions, and two LC applications.
The Ru metal complex section is divided into two main parts: direct CL
determination of sample compounds and derivatization chemistry before the CL
reaction. Structural considerations related to the Ru(bpy)3

3+ CL response will
be summarized first; then short descriptions of applications of mainly amines,
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Figure 9 A cross section of the microcell showing the injection of the magnetic beads with
attached TBR-labeled DNA strands. TBR = tris (2,2’bipyridyl) ruthenium (From Ref. 40.)

Copyright © 2004 by Marcel Dekker, Inc.



classified when possible by their pharmaceutical activity, follow. It will be
shown that derivatization chemistry has allowed for the CL determination of
a wider variety of organic compounds. Representative figures of chemical struc-
tures to show readers the potential of Ru(bpy)3

3+ CL for the determination 
of compounds of interest are provided. A detailed discussion of coreactants 

this book.

A. Luminol Applications

Most recent FI applications have involved the determination of aromatic com-
pounds with multiple hydroxyl groups. Pyrogallol [41] and gallic acid [42]
were both shown to enhance the ECL of luminol in alkaline solutions. Generation
of superoxide radicals at the electrode surface was likely responsible for the
greater ECL response. Detection limits of about 2 × 10–8 M with linearity up
to 0.1 mM were found for both compounds. Epinephrine was also found to en-
hance the weak ECL emission of luminol at 425 nm due to the 3-aminophthalate
species [43] and showed a detection limit and linearity similar to those described
in Ref. 42. A mechanism involving the oxidation of both epinephrine and
luminol at the Pt electrode held at 0.6 V, producing respectively a reducing
intermediate and the luminol radical, was proposed. Because of the need for
dissolved oxygen in the carrier stream, this intermediate can probably react
to give the hydroxyl radical, which then reacts with a luminol radical to give
enhanced light emission. A cation-exchange column was recommended to
eliminate the interference of transition metal ions; however, organic acids were
less problematic.

Inhibition of the luminol ECL signal has also been used to analytical
advantage. When injected into a luminol carrier stream at pH 12, the polypheno-
lic compound tannic acid gave a negative peak after oxidation at 0.4 V vs.
Ag/AgCl at a glassy carbon electrode [6]. A detection limit of 2 × 10–8 M with
linearity up to 1 × 10–5 M was found. Catechol derivatives such as catechol, 3,4-
dihydroxybenzoic acid, and chlorogenic acid also quenched the ECL signal when
oxidized at 0.8 V vs. Ag/AgCl at pH 12 [44]. A mechanism involving the
competition of the catechol derivatives with electrochemically produced reactive
oxygen species that can react with luminol to produce light was proposed.
Detection limit and linearity data were similar to those described above.
Dopamine has also been determined on the basis of its inhibition of luminol
ECL [45].

Other luminol ECL FI methods involve lipid hydroperoxides, histidine,
hydrazine compounds, and vanadium. The determination of methyl linoleate
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for generation of CL with Ru metal complexes is presented in Chapter 5 of



hydroperoxide in an acetonitrile aqueous solution at 0.45 V was possible owing
to the light emission from the reaction of the excited luminol intermediate
diazaquinone with the hydroperoxide compound [46]. A detection limit by FI
of 0.3 nmol was found. Histidine enhanced the ECL of luminol, and a detection
limit of 0.56 µM was indicated [47]. Hydrazine [48] and the antibacterial isoni-
azid (4-pyridinecarboxylic acid hydrazide) [49] could markedly enhance the
ECL of luminol using FI. The detection limit was 6 × 10–9 M for hydrazine and
2.8 × 10–8 for isoniazid. Owing to the electrochemical production of V(II) from
vanadate, emission of light was observed upon reaction with luminol [50].

A major focus of ECL with luminol is in conjunction with oxidase enzyme
reactions. The basic premise is that light emission results from the oxidation of
luminol in the presence of H2O2 produced from the enzyme reaction. An optical
fiber biosensor based on glucose oxidase immobilized through sol-gel chemistry
on a glassy carbon electrode has been used for the FI determination of glucose at
concentrations of 50 µM to 10 mM [51]. Using a similar fiber optic biosensor
but with either glucose oxidase or lactate oxidase immobilized on polyamide
and collagen membranes, FI detection limits for either lactate or glucose
were in the 30–60 pmol range [52]. A follow-up study for choline using
cholin oxidase immobilized by physical entrapment on a diethylaminoethyl
Sepharose–poly(vinyl alcohol) sensing layer indicated an ECL luminol detection
limit of 10 pmol [53]. A bilayer electrode based on polymers formed from the
anodic polymerization of luminol and tris(5-aminophenanthroline) and an ITO
conductive glass was shown to generate light when contacted with H2O2 at pH 10
[54]. Further modification of this electrode with glucose oxidase permitted the FI
determination of glucose in dilute solutions (0.01–10 mM).

Immunoassays have also been done using luminol ECL. Glucose oxidase
was attached to aminosilanized ITO-coated glass wafers, which were then used
as working electrodes [55]. Results indicated that ECL enzyme immunoassays
would be possible using glucose oxidase as the antibody label. Luminol-labeled
antibodies prepared using glutaraldehyde chemistry were used in a 2,4-
dichlorophenoxyacetic acid (2,4-D) competitive ECL immunosensor [56]. The
2,4-D as the antigen was immobilized at a glassy carbon surface, where oxidation
occurred at 0.5 V in the presence of H2O2. Detectability of 0.2 µg/L of free
2,4-D by FI was possible.

Only a few papers have reported the use of luminol ECL for liquid
chromatography. An early study showed the indirect detection of benzaldehyde,
nitrobenzene, and methyl benzoate after separation on a C18 column using a
methanol–water mobile phase containing luminol, H2O2, and Co2+ as the catalyst
[9]. Detection limits were 0.01–0.06 µM. The direct LC determination of
histamine was achieved by precolumn derivatization with N-(4-aminobutyl)-N-
ethylisoluminol isothiocyanate followed by ECL detection [8]. A linear range of
0.5–10 nmol with a detection limit of 1.5 pmol was established.
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B. Direct Ru(bpy)3
3+ CL Determination of Sample Compounds

1. Structural Considerations

Although hydrazine and derivatives [57] as well as some oxygen containing
compounds such as oxalate [58,59] and certain ketones [60] can be determined
directly by Ru(bpy)3

3+ CL, most applications involve pharmaceuticals
with tertiary or secondary amine groups either present as separate moieties or
incorporated in ring structures. Several studies have shown the importance
of structural features near the nitrogen atom involved in the oxidation pathway
leading to CL. Initially, an inverse linear trend of log CL intensity versus the
oxidation potential for the nitrogen compound was established. Tertiary aliphatic
amines with the lowest oxidation potentials gave the highest CL responses,
followed by secondary aliphatic amines, then primary aliphatic amines [61].
However, the presence of functional groups such as C�O bonded to the
nitrogen atom reduced the CL response considerably, as evidenced by the
response of the test compound methylacetamide. In addition, the response of
proline was significantly better than that of proline peptides [62]. When the
hydrogen on the nitrogen of the indole ring was replaced by a hydroxy or
methoxy group, the Ru(bpy)3

3+ CL intensity was markedly weaker, about 50
times less than that for tryptophan [63]. The role of the electron-withdrawing or
-donating character of the substituent attached to the α-carbon of amino acids was
found to affect the CL response [64]. The relative intensities varied by a factor of
55, with serine giving the lowest response and leucine the highest.

The relationship of structural attributes of tertiary amines to Ru(bpy)3
3+ CL

has been reviewed [65]. It was considered important that the amine group have a
hydrogen atom attached to the α-carbon, which after deprotonation will become
the radical site. Electron-withdrawing substituents on either the nitrogen or the
α-carbon will generally decrease the CL response as noted by the low response
of 2-chloroethylamine. Electron-donating substituents such as alkyl groups favor
CL. Resonance stabilization present in aromatic amines reduces CL activity.
Freedom of the substituents attached to the nitrogen atom to adopt a more planar
geometry after oxidation (removal of an electron) will improve CL. An example
of this is the comparison of quinuclidine (weak CL), where the nitrogen atom is
in a rigid nonplanar geometry, and codeine (strong CL), where the methyl group
attached to the nitrogen can rotate freely. Finally, competition from a more
easily oxidized moiety such as a phenolic group can limit CL response. The
presence of phenolic moieties and aromatic or quaternary nitrogen atoms
quenched the CL of certain types of alkaloids [66].

Carbonyl compounds, particularly β-diketones such as 1,3-cyclopentane-
dione, can be determined with high sensitivity by Ru(bpy)3

3+ CL [60];
α-diketones and monoketones are respectively less responsive. A linear
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correlation was found between CL intensity and the 1H NMR shift of the active
methylene proton. A mechanism involving oxidation of the ketone to a radical
cation that forms a neutral radical that can react with water to give an alcohol was
postulated. A variety of malonic acid derivatives and their esters were CL-active
when Ru(bpy)3

3+ CL was used, but related cyano compounds such as cyanoacetic
acid and malonylnitrile gave the best detection limits in the 5–200 pmol
range [67].

2. Specific Applications of Amines

A noncomprehensive listing of amine compound groups with common examples
in parentheses determined directly by Ru(bpy)3

3+ CL follows: aliphatic amines
(ranitidine), alkaloids (codeine), amino acids (proline and tryptophan), antibiotics
(erythromycin), antidepressants (amitriptyline), antihistamines (diphenhy-
dramine), aromatic amines (methamphetamine), β-blockers (oxprenolol), and di-
uretics (hydrochlorothiazide). Structures for all of the compounds in parentheses

related compounds will also be discussed here.
Simple aliphatic amines give perhaps the best detection limits, in the 

femptomole range, and tripropylamine is often used as a test compound for a new
instrument. The separation of C2–C6 trialkylamines on a cyano LC column using
an aqueous acetate–acetonitrile mobile phase demonstrated the utility of
Ru(bpy)3

3+ as a postcolumn derivatization reagent [68]. Ion-exchange LC was
used to separate glyphosphate (HO2CCH2NHCH2PO3H2) and related compounds
(iminodiacetic acid, diethanolamine, hydroxyethylglycine, and glycine) with
Ru(bpy)3

2+ in the mobile phase and ECL detection [69]. The detection limit of
glyphosphate was 0.01 µM, with linearity over five orders of magnitude. The
enantiomeric separation of β-amino alcohols was done on a C18 column coated
with a N-n-dodecyl-(1R,2S)-norephinephrine stationary phase using a Cu(II)
barbital mobile phase and CL detection [70]. The antiulcer drug ranitidine, pri-
marily aliphatic in structure with tertiary and secondary amine groups and only
one pair of conjugated double bonds (Fig. 10a), should also be considered a good
candidate for Ru(bpy)3

3+ CL. Although linearity of response was problematic, a
reproducibility of 1.7% and a detection limit of 6 × 10–7 M were determined [71].

Alkaloids having anticholinergic (atropine), analgesic (codeine, see Fig.
10b), and narcotic (cocaine) properties are an important class of compounds that
can be detected in the nanomolar range. Flow injection with ECL detection of
codeine, heroin, and dextromethorphan indicated linearity from 0.1 to 1 µM with
detection limits in the 15–45 nM range [72]. Recently, the alkaloid drugs pethi-
dine, atropine, homatropine, and cocaine were determined by ECL at the sub mi-
cromolar level [73]. Solid-phase extraction was used to separate the drugs from
urine. The compound sophoridine and related lupin alkaloids such as matrine
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have been determined by LC with Ru(bpy)3
3+ ECL detection [74]. Ionization

potentials (IPs) defined as IP = Ecation – Eneutral were calculated for the tertiary
nitrogen atom between the two fused rings of the alkaloid structure by a hybrid
B3LYP density functional method as implemented in the Gaussian 98 computer
package. The alkaloid IP values (7.05, 7.15, and 7.18 eV) were inversely related
to the respective ECL signal intensities (46, 38, and 35 mV). In addition, the
tertiary, secondary, and primary propylamine calculated IP values (respectively
6.84, 7.54, and 8.30) correlated inversely to the ECL signals of 71, 6, and 2.

The amino acids proline, hydroxyproline, histidine, and tryptophan all have
secondary amine substituents, allowing CL detection at generally lower levels

been determined by ion-pair LC using octanesulfonate with what appears to be
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Figure 10 Structure of amines reacting directly with Ru(bipy)3
3+ to give CL. (a)

Ranitidine; (b) codeine; (c) proline; (d) tryptophan; (e) erythromycin; (f) amitriptyline; (g)
diphenhydramine; (h) methamphetamine; (i) oxprenolol; (j) hydrochlorothiazide. See text
for more information.
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than the other amino acids. Hydroxyproline and proline (Fig. 10c) in serum have



a commercial ECL detector, ECR–2000, made by the Comet Co. [75]. The
relationship of aging to serum hyroxyproline levels was determined by
Ru(bpy)3

3+

samples was accomplished using a Cu(II), D-phenylalanine mobile phase with
15% methanol [77]. Flow injection for determination of L-cysteine in pharma-
ceutical preparations using photogenerated Ru(bpy)3

3+ is a recent application
[78]. Cystine after reduction to cysteine in a minicolumn packed with Cu-coated
Cd particles could also be determined.

The antibiotic erythromycin is an excellent representative of a target
compound well suited for Ru(bpy)3

3+ CL [79] because (1) it is nonvolatile and
cannot be determined, without pyrolysis, by GC; (2) it has no good UV-Vis chro-
mophore such as an aromatic ring but does have a tertiary amine group (Fig. 10e);
and (3) there are many other structurally related macrolide antibiotics such as
tylosin [80]. The microbore LC/ECL determination of erythromycin in urine and
plasma using a 1 × 150 mm C18 column included Ru(bpy)3

3+ in the mobile
phase, which did modify the stationary phase [81]. The major peak in the
chromatogram was erythromycin, and a detection limit of 0.01 µM or 50 fmol
was shown. The antibiotic clindamycin and its phosphate analog both have an
N-methylpyrrolidinyl substituent but with no conjugated double bonds in the
structure. The Ru(bpy)3

3+ CL detection limits for clindamycin and clindamycin-
2-phosphate were 100 and 10 ppb, respectively, representing improvement
factors of about 100 and 30 compared to UV detection at 214 nm [82].

The cephalosporin antibiotic cefadroxil with a β-lactam (cyclic amide)
structure has been determined at concentrations as low as 5 × 10–8 M [83].
Previously, 10 β-lactam antibiotics and their hydrolysis products by corresponding
enzymes were determined by Ru(bpy)3

2+ ECL [84]. In addition, bacterial broth
cultures could be analyzed for the actual β-lactamase enzymes. The antibacterial
ofloxacin, which has an N-methyl piperazinyl substituent off a benzoxazine ring,
was identified in chicken tissue [85]. Simple aromatic amines with secondary
amine substituents such as adrenaline and methamphetamine can be more unpre-
dictable for analysis. Adrenaline was found to strongly inhibit Ru(bpy)3

2+ ECL,
possibly due to the production of benzoquinone derivatives such as adrenochrome
and adrenalinequinone. However, an indirect analytical method was worked out
and applied to pharmaceutical samples [86]. Although local anesthetics with ter-
tiary and/or secondary amine substituents such as lidocaine and procaine were
determined by FI/ECL at pH 5.5 at the 10–8 M level [87], methamphetamine
(Fig. 10h) was determined directly by ECL at pH 9 with very low detection limits
in the 10–11 M range [88]. The effect of surfactants was also considered in this
work. Phencyclidine [1-(1-phenylcyclohexyl)piperidine], and its major metabolites
were determined in urine after silica solid-phase extraction by reversed-phase
LC with Ru(bpy)3

3+ CL over a 25–400 ng/L linear range [89]. A similar paper
described the determination of disopyramide in serum [90]. The nonsteroidal
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CL [76]. The separation of D- and L-tryptophan (Fig. 10d) in plasma



anti-inflammatory drugs flufenamic acid and mefenamic acid, aromatic carboxylic
acids with a secondary amine group, have been determined in pharmaceutical
samples by FI using Ru(bpy)3

3+ generated on-line with Ce(IV) [91].
The β-blockers atenolol and metoprolol as well as three others similar in

preparations at the 8–50 pmol level using Ru(bpy)3
3+ ECL detection [92]. This

detection mode for β-blockers, as expected, gave much simpler chromatograms
for the LC analysis of human urine samples than UV detection. Antihistamines
such as diphenhydramine (Fig. 10g) determined by reversed-phase LC with both
UV at 214 nm and Ru(bpy)3

3+ CL detection indicated comparable detection
limits of 5–10 pmol [93]. However, urine samples spiked with low levels of
antihistamines such as pheniramine at 0.15 µg/mL were obscured by the large
unretained sample matrix peak with UV detection but easily discerned by CL
detection with a much smaller unretained peak.

The tricyclic antidepressants have secondary or tertiary aliphatic amine
substituents on fused ring structures, as do quite a few important pharmaceuticals
such as thiazide diuretics. As an extension of the FI/ECL determination of
amitriptyline (Fig. 10f) [94], the compounds imipramine, desipramine, amitripty-
line, nortriptyline, and clomipramine have been separated by LC with postcolumn
Ru(bpy)3

3+ CL detection [95]. Detection limits were 12–105 fmol for a 20 µL
injection. The adrenergic blocker yohimbine is structurally based on an indole
with a saturated multiring substituent that has tertiary amine, hydroxyl, and ester
groups. Recovery from human serum at 50 ng/mL, not quite double the detection
limit, was 97% [96]. Using FI with the externally generated Ru(bpy)3

3+ CL mode,
hydrochlorothiazide (Fig. 10j) was determined in pharmaceutical samples in an
acetate/acetic acid carrier stream with detection limits of 1–2 pmol [97].

C. Derivatization Chemistry in Conjunction with Ru(bpy)3
3+ CL

Both pre- and online derivatization in conjunction with FI or LC have been
reported, and applications seem to be increasing to include non-amine-type
compounds. Major compound classes of interest, summarized below, are amines,
carboxylic acids and alcohols, sulfur compounds and metal complexes, and 
enzyme-based reactions. Again, representative chemical structures of derivatives

1. Amines

Although tertiary amines are usually easily detected by Ru(bpy)3
3+ CL, there

have been at least two reports of the use of an oxidizing agent, Ce(IV) in sulfuric

Analytical Application: FI, LC and CE 419

Copyright © 2004 by Marcel Dekker, Inc.

structure to oxyprenolol (Fig. 10i) were determined by FI in pharmaceutical

are provided in Figure 11.



acid, to facilitate the reaction by not only producing Ru(bpy)3
3+ from Ru(bpy)3

2+

but also generating the analyte radical. Thioxanthene derivatives, similar to
phenothiazine in structure except that the ring nitrogen atom is replaced by a
double-bonded carbon attached to the alkyl chain with a secondary or tertiary
amine, such as zuclopenthixol hydrochloride, flupentixol hydrochloride, and
thiothixene, were determined by FI in dosage forms and biological fluids [98].
Fluoroquinolone compounds such as ofloxacin, norfloxacin, and ciprofloxacin

420 Danielson

Figure 11 Derivatization products for detection by Ru(bpy)3
3+ CL. R group(s) from

sample compound of interest. (a) 1,4-Thiazane; (b) dansyl; (c) phenylthiohydantoin;
(d) Schiff base; (e) β-diketal; (f) NAPP. See text for more information.
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that have several tertiary amine moieties (some in fused ring structures) were
also determined by FI in pharmaceutical formulations in this way [99]. Detection
limits were from 5 to 30 nM with linearity generally from 0.05 to 7 µg/mL.
Because the optimum sulfuric acid concentration was found to be 0.1 M,
adaptation to LC even using postcolumn mixing might be problematic unless a
zirconia-based column with an acidic mobile phase is used.

Because of the importance of improving detection of primary amines such
as amino acids, the use of derivatization chemistry to convert these compounds
to tertiary amines has been a primary strategy. Primary aliphatic amines such as
4-heptylamine, 3-aminopentane, and cyclopentylamine were allowed to react
with divinylsulfone (DVS), CH2�CH�SO2�CH�CH2, to give 1,4-thiazane

originally published in 1925. Optimum reaction conditions of 40 mM DVS, 50°C,
and 15 min at pH 8.0 gave a 98% yield of the DVS-propylamine derivative. The
ECL intensity increased in the order straight chain< branched chain <alicyclic
type, and the separation of four straight-chain derivatives was shown by LC.
Dansyl chloride is a well-known agent for generating fluorescent derivatives of
amino acids prior to LC separation. Because of the N,N-dimethylamine sub-
stituent on the naphthalene ring (Figure 11b), it was also useful for the determi-
nation of amino acids by Ru(bpy)3

3+ ECL [101]. Dansyl hydroxide, produced
from excess dansyl chloride under alkaline reaction conditions, was found to
have a weaker ECL response at high concentrations, and therefore LC resolution
from the amino acid derivatives was not problematic as expected.

Preliminary results for phenylisothiocyanate (phenyl�NH�CH�S) to yield
phenyl thiohydantoin (PTH) derivatives of amino acids for subsequent Ru(bpy)3

3+

ECL detection are given in Ref. 102. The PTH derivatives have tertiary amine and
secondary amine functionalities, but the ECL signal for PTH-glycine was no bet-
ter than that for underivatized glycine. This is probably due to the C�O and C�S
functional groups, which have electron-withdrawing character, making formation
of the radical intermediate more difficult (Fig. 11c). Recently it was shown that
PTH derivatives of aliphatic primary and secondary amines can markedly quench
the Ru(bpy)3

3+ CL response [27]. For example, PTH derivatives of propylamine,
ethanolamine, and dihexylamine formed after a 30 min reaction time were found
to generate no CL response with Ru(bpy)3

3+. The tertiary amines tripropylamine
and triethanolamine did not react and could be selectively determined by FI in the
presence of the corresponding primary and secondary amine PTH analogs.

A tertiary amine protocol for proteins and peptides was developed using two
biotin derivatives with different spacer groups between the biotin moiety and the ter-
tiary amine group [103]. These derivatives were separately incubated with the protein
avidin, which has four independent biotin binding sites. A linear CL response using
Ru(bpy)3

3+ was determined as a function of the molar avidin/derivative ratio
from 1:1 to 1:4 and the biotin derivatives could be detected at the 50 nM level.
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Conversion of primary amines using an aldehyde to form the corresponding

derivatization and prederivatization modes. Aromatic amines such as benzylamine,
phenethylamine, and phenylalanine, upon on-line photolysis using FI, gave a
Ru(bpy)3

3+ CL response 15–16 times that of the unreacted compounds [104].
Tryptophan and tyrosine as well as the biologically significant aromatic amines 
L-dopa and tryptamine showed four- to ninefold better CL detectability upon pho-
tolysis than the original compounds. CL detection limits of 2–20 pmol were signif-
icantly better than those of UV detection at 254 nm. The formation of imine products
from photochemically generated benzaldehyde and the aromatic amine was con-
firmed by gas chromatography coupled with mass spectrometry. Liquid chromato-
graphic separation and CL detection with on-line photolysis was shown. Aromatic
amines such as tryptophan, benzylamine, phenylalanine, and tyrosine were reacted
with benzaldehyde for 30 min in a 90:10 acetonitrile/water solvent with UV photol-
ysis [27]. Flow injection determination of the reaction products indicated detection
limits of 8–20 µg/L in the 1–2 pmol range. The importance of imine formation was
shown by a comparison of detectability of 125 µM for aniline and 41 nM for mal-
onaldehydebis(phenylimine), a commercially acquired derivative.

Histamine was reacted with 3-(diethylamino)propionic acid (DEAP) in the
presence of a condensation reagent and catalyst to allow the reaction time to be
limited to 1 h [33]. Good resolution of the histamine derivative from the starting
material was possible in 20 min by ion-pair reversed-phase LC with on-line
electrochemical production of Ru(bpy)3

3+. Linearity from 2.5 to 250 nM with a
detection limit of 70 fmol was given.

The pesticides carbofuran and promecarb, which have a methyl carbamate
nitrogen atom, were photochemically converted on-line to methylamine using FI
before reaction with peroxydisulfate photogenerated Ru(bpy)3

3+ to provide CL
detection [31]. Probably because of the carbonyl group neighboring the nitrogen
atom, response of the unreacted pesticides to Ru(bpy)3

3+ CL was weak. Linearity
of response was from about 0.2 to 15 µg/L, and analysis of water, soil, and grains
was demonstrated. This analytical approach has been extended to another
carbamate pesticide, carbaryl [105].

N-Carboxymethyl derivatives of phenethylamine, cyclohexylamine, and
2-butylamine were separated into enantiomers using a reversed phase silica
column coated with N-n-dodecyl-L-hydroxyproline [106]. To permit sensitive
Ru(bpy)3

3+ CL detection, acrylonitrile under basic conditions was mixed
postcolumn to generate tertiary amine derivatives.

2. Carboxylic Acids and Alcohols

The use of an auxiliary oxidizing agent to convert organic acids into derivatives
that can react with Ru(bpy)3

3+ or Ru analogs has been an important approach

422 Danielson

Copyright © 2004 by Marcel Dekker, Inc.

Schiff base or imine compound (Fig. 11d) has been studied using both on-line



expanding the applicability of this CL reaction. Chemiluminescence using
Ru(phen)3

2+ was applied to the LC determination of oxalic acid in spinach samples
[107]. The reaction chemistry was based on the enhancement of the luminescence
by oxalic acid produced from the reaction of Ru(phen)3

2+ and Ce(IV) in sulfuric
acid. Ce(IV) acts as an oxidizing agent to form Ru(phen)3

3+ as well as the oxalic
acid radical, which can then form a radical anion of CO2. This species then reacts
with Ru(phen)3

3+ to give Ru(phen)3
2+*, which drops down to the ground state to

give light. This analogous reaction using Ru(bpy)3
3+ was used to distinguish

between oxalic acid, which reacts in about 2 s, from tartaric acid, which takes
50 s [108]. Other organic acids with hydroxyl or carbonyl groups such as malonic,
pyruvic, lactic, and ascorbic acid react in a similar way. Gluconic acid was
oxidized with periodate before CL determination by Ru(bpy)3

3+ that was generated
by Ce(IV) oxidation [109]. Linearity was achieved over about two orders of
magnitude from 10–5 to 10–7 M with a detection limit of 1.5 × 10–8, and pharma-
ceutical samples were analyzed. Cinnamic acid, 3-phenyl-2-propenoic acid, was
determined similarly using the reaction of KMnO4 with the analyte and 
Ru(bpy)3

3+ [110]. The LC determination of cinnamic acid in urine was done with
a sensitivity claimed to be two to three orders of magnitude better than previously
reported determinations. After separation by LC, amino acids were reacted photo-
chemically with periodate, and the oxalate product was allowed to react with
electrogenerated Ru(bpy)3

3+ [111]. Experimental conditions such as pH, UV
irradiation time, and temperature were optimized, and detection limits of 1 pmol
for threonine to 40 pmol for glycine were found.

A direct determination of ascorbic acid, a reducing agent, and dehy-
droascorbic acid by Ru(bpy)3

3+ ECL at pH 10 was adapted postcolumn for LC
[112]. It was shown that actually dehydroascorbic acid was responsible for the
ascorbic acid signal. A detection limit of 1 × 10–7 M was found and both analytes
could be analyzed in orange juice.

A study of various malonic acid derivatives for derivatization of aliphatic
and aromatic ketones to their β-diketone derivatives was undertaken [113].
Methylmalonic acid was found to be the best derivatizing agent using cyclohex-

determined to be 0.6 M sulfuric acid for 20 min at room temperature. Detection
limits for aliphatic ketones such as 2-pentanone were 30–50 fmol. LC/CL
detection of methylmalonic acid, an important clinical marker for pernicious
anemia, in urine after derivatization should also be possible.

The compounds 2-(2-aminoethyl)-1-methylpyrrolidine and N-(3-amino-
propyl)pyrrolidine (NAPP, see Fig. 11f) were found to be effective derivatizing
agents for carboxylic acids [33]. Reaction conditions were mild at room
temperature for 30 min. The NAPP derivatives for 10 fatty acids were separated
by reversed-phase chromatography under isocratic conditions with detection
limits in the 70 fmol range. Plasma samples were also analyzed for free fatty
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anone as a test compound (Fig. 11e). Optimum reaction conditions were



acids using this method. New derivatization reagents based on a benzoquino-
lizidine structure are 100 times more sensitive for carboxylic acids (0.5–0.6 fmol
for myristic and phenylbutylic acids) and have an unusual optimum reaction pH
of 1.5–2 [114].

Alcohols have also been determined with an oxidizing agent using a pho-
tochemically assisted reaction approach or directly at very alkaline pH. Polyols
such as 1,2-diol, 1,3-diol, and saccharides were oxidized in a photochemical
reactor to yield oxalate for subsequent Ru(bpy)3

3+ CL detection [115]. Detection
limits of ethylene glycol and 1,3-propanediol were 38 and 23 pmol, respectively.
Both monohydric and polyhydric alcohols in alkaline solutions could be detected
through the alkoxide radical by ECL of Ru(bpy)3

3+ produced at a glassy carbon
electrode [116]. The ECL response decreased with increasing alcohol chain
length but, as expected, was proportional to the number of hydroxyl groups.
Using Schiff base chemistry with propylamine as the derivatizing agent, glucose
could be determined with linearity from the detection limit of 5.2 mg/L to 83
mg/L [27]. The reagent DEAP in the presence of N,N′-dicyclohexylcarbodiimide
and 4-dimethylaminopyridine can also functionalize aliphatic alcohols through
an ester linkage. Optimum reaction conditions were 2 hr at ambient temperature.
The determination of vitamin D2 by DEAP prederivatization and LC with CL
detection can be done with linearity from 3.8 to 750 nM and a detection limit of
40 fmol [117].

Oxygen containing aromatic compounds such as phenols, hydroquinones,
catechols, and benzoquinones were shown to efficiently quench Ru(bpy)3

3+ ECL
[118]. A benzoquinone derivative formed at the electrode surface is proposed to
cause energy transfer from the excited state ruthenium complex. The efficiency
of the quenching by substituted phenols is not related to the type of functional
group but does depend on the substitution pattern, with meta derivatives showing
the greatest effect [119].

3. Sulfur Compounds and Metal Complexes

The sulfhydryl compound 6-mercaptopurine in the presence of Ru(bpy)3
2+,

hydrogen peroxide, and hydroxide generated an intense light emission with a
detection limit of 3 × 10–10 g/L [120]. The important inorganic anion sulfite has
been determined by CL using bromate in 5 mM sulfuric acid as a co-oxidant for
the analyte and Ru(bpy)3

2+ [121]. Sodium dodecylbenzenesulfonate markedly
enhanced the CL signal by about a factor of 40. It was proposed that both SO2*
and Ru(bpy)3

2+* may drop to the ground state and contribute to the CL signal.
SO2 in air could be determined after absorption using a dilute (0.1%)
triethanolamine solution. A similar method for sulfite in air using periodate and
Ru(phen)3

2+ indicated a detection limit of 7 × 10–10 M [122].
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The transition metals Cu2+ and Co2+ after complexation to form emetine
dithiocarbamate complexes were separated by LC and detected by Ru(bpy)3

2+

ECL [123]. Linear ranges of 1–300 nM for Cu2+ and 30–5000 nM for Co2+ with
detection limits of 650 fg and 17 pg, respectively, were reported.

4. Enzyme-Based Reactions

It appears that there have been no recent papers describing enzyme reactions
coupled to Ru(bpy)3

3+ CL for FI or LC, and only three representative systems are
briefly described here. Ethanol was determined by FI using immobilized alcohol
dehydrogenase by means of Ru(bpy)3

3+ ECL of the reduced form of nicotinamide
adenine dinucleotide (NADH), which has a tertiary nitrogen in the nicotinic ring
[124]. The same nitrogen atom is protonated in the substrate NAD+, which does not
react. Glucose was determined in an analogous way using glucose dehydrogenase
[125]. Because NADH can be spectrophotometrically determined at 340 nm or by
fluorescence, the advantage of Ru(bpy)3

3+ ECL detection for dehydrogenase en-
zymes is not really apparent. The activity of esterase enzymes could be monitored
because the hydrolysis product of picolinic acid ethyl ester, picolinic acid, will
readily form a mixed ligand complex with Ru(bpy)2

2+ that is ECL-active [126].

IV. CAPILLARY ELECTROPHORESIS INSTRUMENTATION AND
APPLICATIONS

Use of chemiluminescence detection with capillary electrophoresis (CE) is a
promising approach because of the need for simple but sensitive detectors.
Spectrophotometry is limited by the short path length of the capillary. Laser
based fluorescence detection is generally limited to excitation in the visible wave-
length region and is expensive. Several reviews of CL detection with CE have
been published [127–131]. These papers describe primarily standard CL reaction
chemistry involving luminol, peroxyoxalate, acridium esters, luciferase, and
permanganate with some mention of ECL using Ru(bpy)3

3+.
Capillary electrophoresis with ECL of luminol and H2O2 at either carbon

or platinum microelectrodes was the subject of an early paper [132]. The mass
detection limits for luminol at carbon and Pt electrodes, respectively, were 92 and
260 amol; however, the carbon electrode provided a more stable response.
Amines such as n-octylamine and n-propylamine labeled with a luminol deriva-
tive were determined at the femtomole level. However, most CE with ECL
detection has focused on Ru(bpy)3

3+ chemistry.

Analytical Application: FI, LC and CE 425

Copyright © 2004 by Marcel Dekker, Inc.



A. External Generation

To avoid the problem of decoupling the CE electric field from the voltage applied

simply immersed in a reservoir of Ru(bpy)3
3+ mounted above the PMT has been

described [133]. The Ru(bpy)3
3+ solution prepared by oxidation of Ru(bpy)3

2+ by
reaction with lead dioxide in 0.05 M sulfuric acid was found, based on a
previous study, to be stable for 6 h. A field amplification injection procedure
increased sensitivity by 20-fold and increasing the Ru(bpy)3

3+ concentration from
5 to 25 mM improved both peak resolution and sensitivity for the separation of
codeine, thebaine, and 6-methoxycodeine. Detection limits of 0.05–0.1 µM with
linearity to 500 µM were reported.

B. Electrogenerated Chemiluminescence Mode

Electrogenerated chemiluminescence at the end of the capillary due to Ru(bpy)3
2+

present in the run buffer was the earliest published approach for coupling CE
to Ru(bpy)3

3+ CL detection [134]. A voltage of 1.25 V vs. Ag/AgCl reference
electrode was applied to a Pt wire inserted about 3 mm into a 75 µm i.d.
capillary. The separated analytes exiting the capillary in a lighttight box could
react with Ru(bpy)3

3+ to produce light that was directed by a parabolic mirror to
the PMT. The CE voltage of 15 or 25 kV was isolated from the voltage applied
to the Pt electrode by cracking the capillary 1.5 cm from the end and then encas-
ing the crack with cellulose acetate epoxy, which prevented leakage of the CE run
buffer, Ru(bpy)3

2+, and analytes. The CE circuit was completed by grounding the
buffer filled capsule that was placed over the porous joint. The Ru(bpy)3

3+

concentration was optimized with respect to a maximum linear working range
of 200 µM for the β-blocker oxprenolol. Because the β-blocker was uncharged
at the run buffer pH, neutral surfactants such as Triton X or β-cyclodextrin were
added to aid resolution of these compounds. The separation of oxprenolol
and acebutanol with an efficiency of about 15,000 plates was shown. The
Ru(bpy)3

3+ CL detection limits of 2 µM (12 fmol) were comparable to those for
CE with UV detection.

A postcolumn introduction method for Ru(bpy)3
2+ for subsequent

oxidation to Ru(bpy)3
3+ at a Pt electrode positioned in an ECL detection cell

(actually a Nalgene bottle cap) has been described [135]. The detection cell held
the Ru(bpy)3

2+ reagent as well as the reference and Pt auxiliary electrodes. The
100 µm separation capillary, which had been etched to form a porous joint, was
inserted into the detection cell and positioned as close as possible to and directly
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Figure 12 (a) Schematic diagram of the CE instrument coupled to the CL detector.
HV= high voltage (b) Schematic diagram showing details of the glass detection cell, in
which a static reservoir of the Ru(bipy)3

3+ reagent was maintained. (From Ref. 133.)
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opposite the Pt working electrode. The PMT was mounted above the detection
cell, with both in a light-tight box. Band broadening indicated by 4000 plates for
the proline peak was evident; however, the problem of Ru(bpy)3

2+ adsorption to
the capillary when introduced on-column as part of the run buffer was eliminated.
A limit of detection of 13 µM for proline was noted.

Underivatized amines and amino acids were detected by CE with postcol-
umn Ru(bpy)3

3+ ECL at a 35 µm carbon fiber [136]. The CE electric field was
decoupled from the potential applied to the carbon fiber by an on-column fracture
covered with a Nafion tube. A spatula acting as the auxiliary electrode held a
small pool (100 µL) of electrolyte and Ru(bpy)3

2+ in contact with the separation
capillary and carbon fiber positioned opposite each other. The PMT was mounted
above the spatula end, all in a light-tight box. Replicate separations of triethy-
lamine, proline, valine, and serine were carried out at pH 9.5 in 10 min, with an
efficiency of 15,000 plates calculated for serine. The 100 µL reservoir of
Ru(bpy)3

2+ was adequate for 4 h of operation. Detection limits of 68 nM for pro-
line and 120 nM for triethylamine (3–6 fmol) were, as expected, significantly bet-
ter than those for amino acids with only primary amine groups such as valine (5.8
µM) and serine (100 µM). When leucine was used in the FI mode with this CE
instrument, the detection limit was 330 nM (15 fmol).

An improved CE detection cell for Ru(bpy)3
3+ ECL was constructed as

in which the bare CE capillary end and the Pt wire working electrode are inserted
was added. A syringe pump set at 10 µL/min replenishes the supply of
Ru(bpy)3

2+; this alleviates the problem in the previous design of evaporation and
dilution from the CE run buffer of the 100 µL reservoir that changed the
Ru(bpy)3

2+ concentration over time. Because of the low microampere current, a
two electrode arrangement was found to be sufficient. Use of Pt electrodes of ei-
ther 76 or 127 µm o.d., both larger than the 75 µm i.d. CE capillary, provided CL
responses independent of alignment. The larger electrode gave a response nine
times greater than the smaller electrode because of the higher amount of
Ru(bpy)3

3+ that could be produced. Detection limits of 0.2–0.7 µM (4–10 fmol)
for proline, phenylalanine, and valine were determined with theoretical plate
numbers of 74,000–80,000. Masking the detection zone could possibly improve
these values.

This instrument has been used for the analysis of peptides and micellar
electrokinetic chromatography (MEKC). First, the compositional analysis of two
tripeptides was established and reproducible quantification in the 5–10 µg range
was possible with detection limits for Gly-Phe-Ala and Val-Pro-Leu of 2.5 pmol
and 100 fmol, respectively [138]. The relative luminescence response was
dependent on the amino acid R group at the α-carbon as previously known.
Second, the ECL mode was found to be compatible for MEKC because the
Ru(bpy)3

3+ is added postcapillary to avoid precipitation of the anionic surfactant,
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shown in Figure 13 [137]. Two major changes can be described. A reaction tube



and the concentration of the surfactant drops below the critical micelle concen-
tration, freeing the analyte for reaction with Ru(bpy)3

3+ [139]. The migration time
of triethylamine (TEA) as compared to proline was accentuated by the presence
of 50 mM sodium dodecylsulfate (SDS) because at the run buffer pH of 9.4,
proline is an anion and TEA is a cation. Plate counts of 60,000–70,000 were
calculated with a detection limit of 1.5 fmol for TEA. The amines diethylamine,
TEA, and N,N′-diisopropylethylamine, which could not be resolved using 5 mM
SDS, were baseline separated with 25 mM SDS. A sample of the vapor phase
inhibitors morpholine and N,N′-diethanolamine were also analyzed.

An end-column ECL detection method for Ru(bpy)3
2+ using a 300 µm

o.d. Pt electrode positioned about 220 µm from the 75 µm id CE capillary was
recently characterized [140]. No CE electric field decoupler was deemed neces-
sary because of the careful positioning of the electrode and capillary. The
required potential applied to the Pt electrode was shifted owing to the high CE
voltage. A linear range for tripropylamine from 1 × 10–10 M to 1 × 10–5 M was
achieved with an excellent detection limit of 5 × 10–11 M. Lidocaine, an antiar-
rhythmia drug for the heart, was also determined at low levels because of its
tertiary nitrogen moiety. Tramadol and lidocaine were determined in ether
extracts of urine in a separate study [141].
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Figure 13 Schematic representation of cell for CE in situ detection of Ru(bpy)3
3+

chemiluminescence. (From Ref. 137.)
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Using the same instrument, the antidepressant sulpiride with an N-ethyl-
pyrolidinyl substituent, was determined in human plasma or urine after CE
separation [142]. The calibration curve was linear from 0.05 to 25 µM with a
detection limit of 0.03 µM. Procyclidine, an anticholinergic compound with an
N-substituted pyrrolidine group, was detected in urine by Ru(bpy)3

3+ CL
following separation by CE [143]. Using on-column stacking, a low detection
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Figure 14 Schematic diagram of the indium/tin oxide (ITO) electrode–based ECL de-
tection cell for CE. (a) Overview; (b) exploded view. (From Ref. 144.)
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limit of 0.001 µM was achieved. The urine sample was treated by using a cation-
exchange cartridge to eliminate matrix effects.

cently for end-column Ru(bpy)3
3+ CL detection with CE [144]. Potential control

of the ITO electrode versus a Pt pseudo-reference electrode was provided using a
battery (1.5 V) without decoupling from the CE electric field. The Ru(bpy)3

2+

reservoir held about 8 mL, and the light produced at the ITO-coated glass plate
was directed by an optical fiber to the PMT. The ECL reaction of tripropylamine
and Ru(bpy)3

3+ studied by cyclic voltammetry was found to be similar to previous
work at a glassy carbon or Pt electrode. The separation of triethylamine, proline,
and hydroxyproline was shown, and a detection limit of 1 µM (12 fmol) was ob-
served for proline. The plate count for proline was only 4000, indicating that per-
haps the luminescence zone was too large and the wall jet configuration of the
detector could cause turbulence. One limitation of the ITO electrode is that the op-
timum ECL voltage of 1.5 V can have a corrosive effect [145].

Capillary electrophoresis with a solid-state ECL detector has recently been
described [146]. Ru(bpy)3

2+ was immobilized in a PSS–silica–poly(vinyl alco-
hol) film with grafted 4-vinylpyridine. Detection potential, concentration of
Ru(bpy)3

3+ in the film, and pH of the CE run buffer were all considered.
Detection limits of tripropylamine and proline were 0.002 and 2 µM, respec-
tively, similar to that of Ru(bpy)3

2+ in solution.
The next step for CE with Ru(bpy)3

3+ CL detection is to use a microchip,
and this was the subject of a recent presentation [147]. Two recent related publi-
cations were found. One described the integration of the separation capillary, a
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Figure 15 Schematic diagram of the microfluidic device. A, falling drop sample intro-
duction interface; B, reaction and detection cell; C, separation capillary; D, chip baseplate;
E, Pt wire electrode; RE, Ag/AgCl reference electrode; CE, counter electrode; WE,
Pt working electrode; G, epoxy glue; OF, optical fiber; R, ECL reagent; W, waste.
Dimensions not to scale. (From Ref. 148.)
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An indium/tin oxide (ITO) working electrode (Fig. 14) was characterized re-



falling drop sample introduction interface, and the ECL detection cell all on a 85
× 15 × 2 mm glass slide platform for both FI and CE [148]. The use of the falling
drop interface to isolate the CE voltage allowed sample to be introduced into a
reservoir of Ru(bpy)3

2+ where ECL occurred at a Pt electrode in front of an opti-

lalanine were separated by CE in about 1 min using only 1 kV with detection
limits of 1–25 µM. In a second paper [149], a microfabricated glass device was
characterized for MEKC of Ru(bpy)3

3+ and Ru(phen)3
3+. In this design the legs

of a ‘U’-shaped Pt electrode placed across the separation channel act as the work-
ing and counter electrodes. What is unusual is that the required potential differ-
ence for the ECL reaction is supplied by the electrophoretic electric field. Indirect
detection of three amino acids was also reported.

V. CONCLUSIONS AND POSSIBLE FUTURE DEVELOPMENTS

Instruments developed for luminol chemistry have all been based on ECL be-
cause the reactive luminol radicals are so short-lived. Applications involving
phenols are quite common; extension of the chemistry to other classes of com-
pounds is more limited. More applications involving LC and CE with luminol
ECL are needed with real samples to make this technique more widespread.

The development of Ru(bpy)3
3+ CL detection methods has been primarily

in the direction of ECL because of the advantages of combining oxidation of
Ru(bpy)3

2+ and possibly the analyte at an electrode together with measurement
of light in a flow-through cell. However, new ways of improving the stability of
Ru(bpy)3

3+ generated externally batchwise have been published, and both on-line
electrochemical or photochemical production of Ru(bpy)3

3+ are quite easy to
implement and are also compatible with existing CL detectors. Photochemical
reactivity can also be used to expand the variety of compounds detectable by
Ru(bpy)3

3+ CL. Commercial development of both CL and ECL detectors with
low-volume flow cells would speed applications into microbore and capillary LC.
In addition, to the best of my knowledge, CL detection is not commercially
available for CE. Published designs indicate that application of Ru(bpy)3

3+ CL
detection to capillary electrokinetic chromatography should be relatively straight-
forward. In the future, microchip CE with Ru(bpy)3

3+ CL detection will definitely
be further developed. Undoubtedly, some of the microfabrication sytems de-
scribed in Section II.B.5 could be adapted to capillary electrophoresis.

More applications involving organic compounds without an amine group
will likely also be possible either directly or through derivatization chemistry.
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cal fiber that transmitted the light to a PMT (Fig. 15). Proline, valine, and pheny-



Use of computer programs to run theoretical calculations for ionization constants
of organic substituents should become an important way to predict the
Ru(bpy)3

3+ CL response of many organic compounds.

ABBREVIATIONS

C18 Octadecyl

CCD Charge-coupled device

CE Capillary electrophoresis

CL Chemiluminescence 

2,4-D 2,4-Dichloro phenoxy acetic acid

DEAP 3-(Diethylamino)propionic acid

DVS Divinylsulfone

ECL Electrogenerated chemiluminescence, or CL at an electrode

FI Flow injection

GC/MS Gas chromatography coupled with mass spectrometry

IDA Interdigitated array

IP Ionization potential

ITO Indium/tin oxide

Kel-F Polychlorotrifluoroethylene

MEKC Micellar electrokinetic chromatography

µTAS Micro total analytical system

NAD+ Nicotinamide adenine dinucleotide (oxidized form)

NADH Nicotinamide adenine dinucleotide (reduced form)

NAPP N-(3-Aminopropyl)pyrrolidine

PEEK Poly(ether ether ketone)

PMT Photomultiplier

PSS Polystyrenesulfonate

PTH Phenylthiohydantoin

RuBPS tris(4,7-diphenyl-1,10-phenanthroline-sulfonic acid) ruthenium (II)

SCE Saturated calomel electrode

SDS Sodium dodecylsulfate

TEA Triethylamine

UV Ultraviolet
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10
ECL Polymers and Devices
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I. INTRODUCTION

The field of organic light-emitting devices, for which the name “molecular light-
emitting devices” might be better suited because it actually includes many inor-
ganic active compounds [such as the highly popular tris(8-hydroxyquinolinato)
aluminum], has grown immensely in the last decade. Numerous studies are
published every year, many of them reporting new substances with improved
emission properties, stability, and lifetimes. Moreover, displays made with poly-
mer light-emitting devices are currently being commercialized. These devices are
no longer only toys for scientists around the world; their study has evolved into
a new, growing technology.

Given the vast literature, the topic of organic light-emitting diodes
(OLEDs) would have to be covered in a book by itself, and a rather large book
even without going into detail. Because excellent reviews and books are avail-
able, the reader wanting to find out more about organic electroluminescence in
general and OLEDs in particular is directed to Refs. 1–10. Here we will focus on
a single class of light-emitting devices, the so-called light-emitting electrochem-
ical cells (LECs). Their properties are much more similar to those of a typical
electrochemical system than to those of a classical amorphous semiconductor,
and therefore it is more appropriate to discuss them in an electrochemistry book.
There is also another reason for discussing only LECs: They are much less pop-
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ular in the organic light-emitting literature, and they deserve a more detailed
treatment. The history of solution electrogenerated chemiluminescence (ECL),
with which these devices have much in common, is more than 30 years old and
is now a well-established field in electrochemistry.

Because LECs involve light generation in a solid phase, we find it appro-
priate to give here an insight, without going into detail, into solid-state ECL, with
emphasis on its application to light-emitting devices. Thus, we shall examine a
few examples of solid-state ECL, even when not directly related to light-emitting
devices (LEDs), examples that we believe will help the reader to have a broader
view. Not all solid-state ECL research has been focused on LEDs, so we shall
mention, where necessary, some other potential applications of solid-state ECL
(e.g., in analytical chemistry).

The material found in this chapter is divided into two major parts: three-
electrode systems, studied in a classical electrochemical experimental setup, and
two-electrode systems, typical for LEDs, each part comprising several subsec-
tions. In the first part, we present ECL data obtained using modified electrodes.
The second part deals with LECs and their features, as well as with some theoret-
ical considerations. We sincerely hope that the reader interested in learning about
OLEDs in general and LECs in particular will find this material useful and will
benefit from both the presentation and the cited references.

II. THREE-ELECTRODE SETUP FOR ECL WITH MODIFIED
ELECTRODES

In this section we review and discuss briefly ECL on electrodes modified with
pure emitters or emitters dispersed in an inert matrix and adsorbed monolayers
(Langmuir–Blodgett films).

The study of luminescent materials immobilized onto an electrode in a three-
electrode setup allows each electrochemical process involved in the light generation
to be studied separately. Thus, one can discuss only the reduction or the oxidation of
the active material, processes that occur together in an LEC and are impossible to
separate in a two-electrode cell. By studying the oxidation and reduction processes
separately, one can also obtain the redox potentials for these processes, potentials
that can be used to estimate highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) energies [11]. The HOMO/LUMO energy
values are in turn useful for calculating the injection barriers in light-emitting de-
vices. In many cases the use of such modified electrodes is the easiest way to obtain
such values, especially when the polymer is completely insoluble in polar solvents,
its electrochemical behavior being thus inaccessible in solution.
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Even though the electrochemistry of such modified electrodes is somwhat
complicated by ion insertion and deinsertion processes (required to maintain elec-
troneutrality in the film), these studies can provide valuable information about
the charge transport properties, material stability, and energetics of the
redox reactions, with a simple and easy-to-use experimental setup [12].

As already hinted in the first paragraph, several approaches exist for obtain-
ing modified electrodes with an active luminescent material. The first, and proba-
bly easiest, way is to polymerize or deposit (e.g., by spin-coating) the active
material or to immobilize the active material in a solid matrix onto the electrode.
After coating the electrode, one can immerse it in an inert electrolyte (in which the
deposited substance is insoluble) and study its electrochemical and photochemical
properties. Another approach is to form a monolayer of active material by adsorb-
ing it onto a metal or semiconductor electrode. In the first two cases, thick films
are usually obtained (micrometer or submicrometer range), although in principle
thinner films can be obtained; in the latter case, very thin layers (nanometers or
even less) of active material result.

A. ECL from Electrodes Modified with Pure Emitters

There have been only a few studies dealing with ECL from pure active materials
deposited as solid films onto electrodes. An attractive candidate for such modi-
fied electrode ECL is tris(4-vinyl-4′-methyl-2,2′-bipyridyl)ruthenium(II)
[Ru(vbpy)3

2+]. Modified electrodes can be easily obtained by electropolymeriza-
tion of the monomer ruthenium complex in acetonitrile, either at constant current
or by potential cycling [13].

The thickness of the polymer layer can be adjusted by controlling the charge
passed during electropolymerization and is typically between ~40 Å and 1 µm [14].
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When the potential is pulsed between +1.5 and –1.5 V (vs. SSCE) in an acetoni-
trile electrolyte, the modified electrodes exhibit an orange luminescence (λmax

~650 nm); the ECL has a quite modest lifetime, only ~20 min.
Another attractive electrochemiluminescent polymer is poly(vinyl-9, 10-

diphenylanthracene) (PVDPA). The polymer, with an average molecular weight
of about 48,000, can be deposited as a film by spin-coating on different substrates
(SnO2, glassy carbon, and platinum) from benzene solutions. The film exhibits re-
versible oxidation and reduction (1.4 and –1.88 V vs. SCE, respectively) (Fig. 1)
in nonaqueous solvents (propylene carbonate, acetonitrile, and tetrahydrofuran),
with oxidation/reduction potentials close to those of 9,10-diphenylanthracene in
solution, indicating that the interaction along the polymer chain is weak. When the
potential is pulsed between 1.6 and –2.0 V (SCE), the modified electrode shows
blue electroluminescence (λmax ~440 nm) (Fig. 1), which quickly (5–10 min) fades
as the radical anion and radical cation forms of the polymer generated during
oxidation and reduction dissolve in the electrolyte [15].

An interesting polymer widely used for solid-state electroluminescent de-
vices is 4-methoxy-(2-ethylhexoxyl)-2,5-polyphenylenevinylene (MEH-PPV).
Richter et al. [16] reported the ECL of a Pt electrode coated with a layer (~100 nm)
of MEH-PPV. The modified electrode shows fairly good reversible oxidation and

+

reasonably stable in solution; some dissolution of the oxidized form is observed
during repetitive scans. When the potential is stepped from +0.4 to –2.35 V, an
orange luminescence is observed (λmax ~620 nm), the ECL spectrum being
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Figure 1 Left: Cyclic voltammogram of a PVDPA film (~400 nm) on SnO2 in propylene
carbonate (0.2 M TBABF4, 0.1 V/s). Right: Fluorescence (A) and ECL (B) spectra of a
PVDPA film in propylene carbonate. Potential stepped between 1.6 and –2.0 V (SCE);
100 ms pulse width. (From Ref. 15. Copyright 1985 by Elsevier Science.)

Copyright © 2004 by Marcel Dekker, Inc.

reduction (+0.4 and –1.9 V vs. Fc/Fc ) (Fig. 2a) in acetonitrile. The electrode is



essentially the same as the photoluminescence spectrum (Fig. 2b). Again, the ECL
lifetime is very short (1–2 min), the film changing color on oxidation from red
to deep blue. Janakiraman et al. [17] observed the same ECL of MEH-PPV coated
on a Pt electrode by slow evaporation of chloroform solution and simulated
the ECL transients using a diffusion model coupled with the second-order light-
generating annihilation reaction. The simulated results agree reasonably well with
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Figure 2 (a) Cyclic voltammetry of an (b) MEH-PPV film onto Pt (0.5 M Bu4NBF4,
acetonitrile, 0.1 V/s). (b) Room-temperature photoluminescence spectrum (solid lines) and
ECL spectrum (dashed line) for the same MEH-PPV film. ECL was generated by stepping
the potential between 0.4 V (vs. Fc/Fc+) for 1 s and –2.35 V for 0.5 s. (From Ref. 16.
Copyright 1994 by Elsevier Science.)
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the experimental transients, giving an apparent diffusion coefficient (for the slow-
est species) in the film of about 5×10–13 cm2/s and a bimolecular annihilation rate
of 3×103 L/(mol s).

Nambu and coworkers [18,19] reported the ECL of poly(3-hexylthiophene)
(PAT6) and poly(2-methoxy-5-dodecyloxy-p-phenylenevinylene) (MDO-PPV)
films formed onto ITO by spin-coating from chloroform solutions. PAT6 (~50
nm thick) shows almost reversible reduction (–1.2 V vs. Ag/Ag+) in acetonitrile,
but the oxidation peak (1.1 V) is rather broad and not very well defined (Fig. 3a).
A linear scan rate dependence of the peak currents was found, typical for thin-
layer films. The MDO-PPV film electrode (~320 nm thick) shows similar behav-
ior, with a broad oxidation peak (1.0 V) and a more reversible and well-defined
reduction peak (–1.9 V). PAT6 films show orange ECL (λmax ~640 nm) when the
potential is pulsed between 1.1 and –2.2 V (vs. Ag wire quasi-reference), whereas
MDO-PPV shows red ECL (λmax ~580 nm) when the potential is pulsed between
1.0 and –1.9 V (Fig. 3b). For both polymers the light emission is not identical
during both pulses, the authors calculating that 17% of the monomer units are
oxidized and only 10% are reduced.

Buda et al. [20] studied the ECL of ITO electrodes modified with
Ru(bpy)2(Es-bpy-Es), containing a long alkyl chain bipyridine derivative, which
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Figure 3 Cyclic voltammograms (left) and luminescence spectra (right) of (a) ITO/PAT6-
and (b) ITO/MDOPPV-modified electrodes in acetonitrile. (From Ref. 18.)
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gives a water-insoluble ruthenium chelate. The films (deposited by
spin-coating) show strong ECL in water when pulsed between –1.0 and 1.3 V
(vs. Ag/AgCl). These films are reasonably stable in water at open circuit (up
to 6–8 h), but their properties tend to degrade rather quickly on reduction. This
is not surprising, though, because it is well known that the reduced species of
Ru(bpy)3

2+ and derivatives are not very stable in the presence of water.
Although such modified electrodes are interesting because they allow the

reduction and oxidation processes to be studied independently, they are subject to
several limitations:

1. The film-forming process, whether by electrochemical polymerization or
casting from solution, leads to rather porous films [16,20,21]. Because in
many cases the oxidation/reduction of these films occurs at rather extreme
potentials, unwanted solvent-related electrochemical processes that may
occur in the pores can lead to side reactions that limit the electrochemical
stability of these films and consequently shorten the ECL lifetime. Such
processes can be also a source of errors when trying to estimate some
properties of the films.

2. Even if the polymer film itself is perfectly insoluble when resting in a solvent,
either the oxidized or reduced form (or both) may be much more soluble,
leading to material loss in solution. In some cases the dissolution process
can be also related to degradation products that accumulate during continuous
cycling of the film.

3. During both oxidation and reduction of the film, ions from the electrolyte
penetrate the film to preserve the electroneutrality; along with the ions, some
solvent also enters the film [22]. Ion and solvent insertion not only leads to
changes in film thickness by swelling [23] but may also cause ion pairing
[24] and even more subtle structural changes. When the film is cycled
continuously between the oxidized and reduced forms, the film’s structure
changes and films may eventually be delaminated. Also, when the potential
is pulsed between the values needed to generate the reduced and oxidized
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forms, it is possible that the ions inserted in the previous process are not
totally expelled from the film when the potential is changed. As a result,
more ions of the opposite charge are required to enter the film in the subse-
quent step; this process is likely to have a negative influence on the long-time
behavior of these films.

4. It is often difficult to obtain pure polymers, and unwanted impurities and
oligomers may adversely influence the behavior of the deposited films.

In all cases the ECL lifetime, of the order of minutes, is very modest, but, as
pointed out above, this is not surprising. Even though such modified electrodes
may not be used directly in a practical device, their importance lies not in the
device itself but rather in their ability to give valuable information about the
phenomena that occur in solid-state ECL.

B. ECL from Monolayer Modified Electrodes

An alternative way to modify the electrode surface with a pure emitter is to form an
adsorbed monolayer. For such a layer to be obtained, the molecule must be able to
bind strongly on some solid surface (usually metals or carbon, but semiconductors
can also be used). Such modified electrodes have almost exclusively analytical
applications: the amount of material deposited on the electrode is very small and
will lead to very low ECL intensity, impractical for a light-emitting device. Still,
monolayer ECL can provide useful information for the scientist interested in light-
emitting devices. For example, because in an adsorbed monolayer the excited state
is generated in very close proximity to the electrode, one can obtain information
about the phenomenon of luminescence quenching by the metal substrate [25,26],
which is not yet fully understood.

Because the practical application of monolayer-modified electrodes is
mostly as sensors for various analytes, the reported ECL for such systems involves
a coreactant, usually oxalate ions. The ECL generated with coreactants is treated

Many studies in the literature deal with potentially luminescent monolayers,
most of them involving adsorbed derivatives of tris(2,2′-bipyridine)ruthenium
[27–32] and only a few reporting ECL experiments. The first report of ECL from
an adsorbed monolayer of a tris(2,2′-bipyridine)ruthenium(II) derivative was pub-
lished in 1988 [33]. Zhang and Bard found that the ECL for a monolayer of a
suitable derivatized tris(2,2′-bipyridine)ruthenium(II) [Ru(bpy)2(bpy-C19)] using
oxalate ions as coreactant was three orders of magnitude lower on Pt and Au elec-
trodes than on In-doped SnO2, showing that the metal electrode quenching of the
ECL is very important.

452 Buda

Copyright © 2004 by Marcel Dekker, Inc.

in more detail in Chapter 5, so here we discuss it only briefly.



In a more recent study, Obeng and Bard [34] employed a more stable
tris(bipyridyl)ruthenium(II) derivative [Ru(bpy)2(bpy-SH)2+] that spontaneously
adsorbs onto Au and ITO electrodes. The Ru(bpy)2(bpy-SH)2+ monolayer gives

the ECL signal being stronger for monolayers formed on ITO. However, the authors
noticed that the surface coverage on Au electrodes is much lower, and the electro-
chemistry of the monolayer is complicated by gold oxidation. Sato and Uosaki [35]
studied the ECL of a closely related thiol derivative, Ru(bpy)2(HS-bpy-SH)2+, in
the presence of oxalate ions. Their observations are quite similar, showing better
electrochemistry and ECL for monolayers formed on ITO.

ECL Polymers and Devices 453

Figure 4 Left: Cyclic voltammetry of a Ru(bpy)2(bpy-SH)2+ monolayer on ITO in
0.5 M H2SO4 at various scan rates. Right: ECL spectrum of a Ru(bpy)2(bpy-SH)2+ mono-
layer on polycrystalline gold in 0.1 M Na2C2O4 and 0.4 M Na2SO4 (pH 4.7) biased to 1.25
V vs. SCE. (From Ref. 34. Copyright 1991 by the American Chemical Society.)
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intense ECL (Fig. 4) when oxidized in the presence of oxalate ions in solution, again



Miller et al. [36] studied the same Ru(bpy)2(bpy-C19)2+ and Ru(dp-bpy)3
2+

as potential probes for ECL imaging. HOPG and ITO electrodes were used for
monolayer formation, and ECL was generated by oxidation in the presence of ox-
alate ions in solution. The strong ECL signal allows the monolayer to be imaged
with a CCD camera. The luminescent tris(bipyridyl)ruthenium(II) derivatives can
also be dispersed in a nonluminescent monolayer and the resulting film imaged
using the same technique. Because no light excitation is needed, in contrast with
fluorescent probes, the experimental design is much simpler and allows better
sensitivities.

In 1994, Xu and Bard [37] found that even the underivatized Ru(bpy)3
2+

interacts strongly with HOPG, Au, and Pt surfaces, forming adsorbed mono-
layers. The ECL mechanism using tripropylamine as coreactant is somewhat
complicated by the desorption of the complex adsorbed onto metal electrodes.
As a result, ECL from the dissolved ruthenium chelate is also observed. The
ruthenium chelate appears to be more strongly bound to HOPG, monolayers
obtained on these electrodes being more stable and showing longer ECL
lifetimes.

C. ECL from Emitters Immobilized in an Inert Matrix

The insertion or immobilization of the active material in an inert matrix has
several attractive features. First, one can tune the system’s properties by choos-
ing different host materials with different properties (stability, binding groups,
porosity, etc.). Second, the concentration of the emitter can be varied easily, thus
reducing the triplet–triplet annihilation reaction that is usually observed when
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the concentration of the excited state is high [38]. Third, one can photochemically
excite the emitter molecule and then study the quenching effect of the
reduced/oxidized species by generating them electrochemically.

Like adsorbed monolayer electrodes, these types of modified electrodes
have been studied mainly for their potential applications in analytical chemistry,
but useful mechanistic information is also available from these studies. All the
studies discussed here involve as emitters Ru(bpy)3

2+ or derivatives immobilized
in various matrices.

1. ECL from Ru(bpy)3
2+ Immobilized in Nafion-Modified Electrodes

Nafion is an inert cationic ion-exchange polymer, and it is thus ideal for immo-
bilizing cationic emitters; it has been widely employed to immobilize Ru(bpy)3

2+

and derivatives. Nafion-modified electrodes are easily obtained by simply dip-
ping the electrode in a Nafion solution (e.g., ethanol) and then drying it in air.
Immobilization of the cationic emitter, such as Ru(bpy)3

2+, is then attained by
ion-exchange after immersion of the Nafion-modified electrode in a solution con-
taining Ru(bpy)3

2+. The whole procedure is very simple, producing good quality
films. The amount of immobilized emitter can be calculated by determining the
charge needed for oxidation (or reduction) of the modified electrode.

Rubinstein and Bard first reported in 1980 [39] the ECL of Ru(bpy)3
2+

immobilized in a Nafion matrix with emitter concentrations in the range of
2×10–6 to 4×10–6 mol/cm2. The modified electrode is very stable (at open circuit)
in water and aqueous solutions, reproducible cyclic voltammograms being ob-
tained after 3 weeks of immersion. When the immobilized emitter is oxidized in
aqueous solution in the presence of oxalate, strong ECL is observed. In aqueous
solution containing 20% acetonitrile, annihilation-type ECL is indicated by the
alternating electrochemical generation of Ru(I) and Ru(III) species. The ECL,
however, decays fast in this case, mainly due to the dissolution of the Nafion in
the solvent. In a more detailed study [51], a mechanism was proposed for the
ECL generated from Nafion-immobilized Ru(bpy)3

2+ using oxalate as coreactant.
It was shown that for such thick films the process is controlled by mass transport;
the apparent diffusion coefficient for the attached ruthenium chelate was found
to be ~10–9 cm2/s. The complex reaction mechanism, which includes a step
of quenching by Ru(bpy)3

3+, was checked by digital simulation of both electro-
chemical and ECL experimental data, the simulation showing good agreement
with the experiment.

2. ECL from Ru(bpy)3
2+ Immobilized in Silica-Based Modified

Electrodes

Electrodes modified with inorganic materials, including silica-modified
electrodes obtained by sol-gel techniques, are now widely used because they
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have several attractive features. It is not the purpose of this chapter to discuss
the details of this procedure, so we encourage the reader to check the
original references as well as reviews treating such modified electrodes in
detail [40].

Sykora and Meyer [41] reported the ECL of [PS-CH2CH2NHCO-
(RuII)18]36+ immobilized in a silica sol-gel matrix in the presence of oxalate
ions. They also reported intense orange annihilation-type ECL when the
reduced and oxidized species of Ru(bpy)3

2+ were generated alternately by
pulsing the potential between –1.24 and +1.26 V (vs. SSCE), but the annihi-
lation ECL lifetime was short, with half-lives of 3–5 min (10 Hz pulsing
frequency). One reason for the short lifetime is the presence of chloride
counter ions, which can be oxidized at the potential values needed for Ru(III)
generation.

In a series of papers [42–45], Collinson and coworkers reported the ECL of
silica-based modified electrodes containing immobilized Ru(bpy)3

2+. The ECL,
in all cases of the coreactant type using either oxalate or tripropylamine, showed
reasonable lifetimes when a modified microelectrode was used, with a drop of
only a few percent in 2 h or 10–20% in 24 h when tripropylamine was used as

obtaining the silica-based modified electrodes should help to increase both the
lifetime and the emission intensity. Although neither the coreactant type of ECL
nor the small electrode size is practical for a light-emitting device, the good re-
sults reported with these modified electrodes are promising.
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3. ECL from Ru(bpy)3
2+ Immobilized in Polymer-Modified Electrodes

Ghosh and Bard [46] studied the electrochemistry and ECL in aqueous solutions of
modified electrodes of poly(tris(bipyrazine)ruthenium(II)) containing immobilized
Ru(bpy)3

2+. The polymer film is formed from either an aged solution (≥7 days) of
1 mM Ru(bpz)3Cl2 and 7.5–8.0 M H2SO4 by scanning the potential between
2.4 and 0.6 V (vs. SSCE), or from a 1 mM bipyrazine solution in 6 M H2SO4 by
scanning the potential between 2.1 and 1.5 V. The exact nature of the polymer film
is not known, and it is unclear whether the oxidized protonated bipyrazine or the
hydroxyl ions are responsible for polymerization initiation. To incorporate
Ru(bpy)3

2+, the modified electrodes are then cycled in an aqueous solution con-
taining 0.14 mM Ru(bpy)3

2+. The interactions between Ru(bpy)3
2+ and the polymer

matrix are weak, the loss of Ru(bpy)3
2+ being observed during continuous oxida-

tion potential scans of the electrode in a 0.05 M KNO3 aqueous solution. If,
however, as little as 0.05 mM Ru(bpy)3

2+ is added to the supporting electrolyte, the
loss becomes negligible. ECL is observed when the modified electrode containing
Ru(bpy)3

2+ is oxidized in aqueous oxalate solutions, but with low emission intensi-
ties. The authors relate the weak emission to a large concentration of Ru(bpy)3

3+

formed in the film during oxidation, which is known as an efficient quencher for
the Ru(bpy)3

2+

appears to occur by both electron hopping and physical diffusion, an apparent
diffusion coefficient of ~2.2×10–9 cm2/s being obtained for the overall process.
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Figure 5 Intensity–time transient for gel-encapsulated Ru(bpy)3
2+ (10 mM) and tripropy-

lamine (5 mM) at 1.15 V (13 µm Pt ultramicroelectrode, gel prepared with
0.1M phosphate buffer, pH 6.2). (From Ref. 43. Copyright 1999 by the American
Chemical Society.)
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excited state (see Table 1). The charge transport through these films



In an interesting study, even though not reporting ECL, Majda and Faulkner
[47] studied the quenching of the excited state of trisbipyridylruthenium(II) (gen-
erated photochemically) in a polystyrenesulfonate matrix by electrogenerated
Ru(bpy)3

3+, showing that the quenching process is a simple bimolecular reaction
between the excited state and Ru(bpy)3

3+. Several other authors have estimated the
quenching rate constant for this process (see Table 1). The quenching of the
excited state by the very species that led to its formation is an important process
that limits the quantum efficiency of light-emitting devices; it is known that, once
formed by the annihilation reaction, the exciton can hop to nearby sites [38] and
thus migrate in regions where the concentration of the reduced/oxidized species
is greater. Thus, it is useful to have quantitative data about this quenching
mechanism. Table 1 shows some data for the quenching of the excited state of
Ru(bpy)3

2+, immobilized in various matrices, by electrogenerated Ru(bpy)3
3+.

Bearing in mind that the results are likely to depend on various parameters such
as the film thickness as well as emitter concentration and the matrix in which it is
immobilized, the results can be considered to be in reasonable agreement.

Apart from the useful information that such modified electrodes can provide,
we shall only mention here that modified electrodes containing Ru(bpy)3

2+ have
been successfully employed as sensors for various analytes, such as oxalate,
alkylamines, and NADH [48,49].

III. TWO-ELECTRODE LIGHT-EMITTING DEVICES—SOLID-STATE
LECs

A. Introduction

Light is emitted in LECs from an excited molecule formed by the annihilation of
electrons (or radical anions in solution) with holes (or radical cations). The light
emission process is very similar with fluorescence, except that the excited state is
generated through an electrochemical mechanism rather than photochemically.
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Table 1 Quenching of the Excited State of Ru(bpy)3
2+ Immobilized in an Inert Matrix

Matrix Ru(bpy)3
3+ quenching rate constant (M–1 s–1) Ref.

Polystyrenesulfonate 1.2×108 47
Nafion 1–5×107 50
Nafion 5×107 51

Copyright © 2004 by Marcel Dekker, Inc.



The idea of using electrochemical cells as tools for studying light-emitting pro-
cesses is by no means new; it was suggested in 1965 [52]. After the mechanism
of annihilation-type ECL was proposed [53], the idea of using this phenomenon
for light-emitting devices was immediately acknowledged. In the following years

However, the efforts did not lead to a real practical device, mainly because of two
major drawbacks. First, their operation lifetimes remained short, far below the
requirements for, e.g., a color-active display. Second, the use of liquid solvents,
in some cases expensive solvents, highly pure and very dry, made them less at-
tractive for practical devices. Nevertheless, with all their shortcomings, solution
LECs (SLECs) pioneered what is now the very rich and dynamic field of organic
electroluminescence.

Since Tang and VanSlyke published in 1987 [54] their report on solid-state
electrogenerated luminescence with high quantum efficiency (~1%) at moderate
voltages (<10 V) from an “organic” material, tris(8-hydroxyquinolinato)alu-
minum (AlQ3), the interest in these devices has grown progressively, with many
new active materials being reported. At the same time, the interest in LECs, this
time solid-state LECs (SSLECs), was renewed [55–57,199]. Solid-state LECs are
more appealing as practical devices, and they did indeed benefit from the dis-
covery of new materials such as solid electrolytes. The main difference between
solid-state and solution electroluminescence lies in the transport properties of
the medium. While in solution the oxidized and reduced species move physically
(by diffusion and/or migration); in condensed phase the charge transport occurs
almost exclusively through electron hopping between fixed active sites (see

When talking about organic light-emitting devices, it is useful to distin-
guish between organic light-emitting diodes (OLEDs) and light-emitting electro-
chemical cells (LECs). They are related to each other, the major difference
between them being the presence in LECs of a (relatively) large concentration of
mobile ions. The presence of mobile ions leads to some important differences
between LECs and OLEDs [58]. The “turn-on” voltage of LECs is close to the
optical bandgap and depends weakly on the film thickness, they have improved
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quantum efficiencies (due to the balanced charge injection; see below), and their
electrical and luminescence characteristics are symmetrical and usually not
related to the type of electrode (depending on the mobile ion concentration). All
of these features are desirable in a practical device. Symmetrical characteristics
allow the LECs to be driven in alternating current mode, and the weak depen-
dence of their properties on the nature of the electrode eliminates the need to use
low-work-function metals such as calcium, which are quite reactive and difficult
to work with.

Even though we will discuss LECs from an electrochemist’s point of view,
in the following pages we shall use the terminology of solid-state physics rather
than that of electrochemistry, referring to the reduced species as “electrons” and
to oxidized species as “holes.”

The general requirements for efficient organic light-emitting devices [6]
are related to some important basic features:

1. Charge Balance. For an efficient annihilation, light-generating, reaction
to take place and to maximize the excited state generation, the concentration of elec-
trons must exactly match the concentration of holes. In a LEC this is generally true
even without special precautions (such as the use of low-work-function electrodes
or hole and electron transport layers). LECs usually have a large concentration of
mobile ions, and therefore, being unable to support large internal electric fields, they
must be (almost) electroneutral. As a result, the charges injected at each electrode
must exactly balance each other. This is not always true, however, and the balanced
charged injection depends on the concentration of mobile ions. Moreover, in some
cases parallel, usually unwanted, electrochemical processes may also be responsible
for charge injection. For example, when Ru(bpy)3

2+ is used as emitter, a second or
even third reduction (electron-generating) of the metal chelate may occur, whereas
only one oxidation process (hole-generating) is available. The injected positive and
negative charges are still balanced, but the species involved in light generation
become unbalanced, and therefore the quantum efficiency is lowered.

2. Singlet-to-Triplet Ratio. The annihilation between electrons and holes

more details). Only the singlet is allowed to decay radiatively with organic
molecules; for the triplet state this process is forbidden (except for molecules with
heavy metal atoms). For statistical reasons, the ratio between the singlet and triplet
states is 1:3, and therefore, at least theoretically, the maximum (internal) quantum
efficiency for organic molecules is limited to 25%. Some studies, both experi-
mental and theoretical, have shown, however, that in principle 100% internal
quantum efficiency can be achieved [59,60].

3. Quantum Efficiency. For maximizing the efficiency of such devices,
materials with very high luminescence quantum efficiency should be used: the
higher the quantum efficiency, the more efficient is the conversion of electric
energy into light. However, using a material with a high luminescence quantum
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results in the formation of either a singlet or triplet excited state (see Chapter 4 for



efficiency does not necessarily ensure a high quantum efficiency in an organic
LED. Even when the charge injection is balanced, there are several other factors
that can affect the quantum (and power) efficiency. Unwanted impurities, either
present from the beginning or formed during operation, can act as luminescence
quenchers, lowering the quantum efficiency. Also, if the excited state is gener-
ated close to a metal electrode, effective quenching by the metal can lead to a
drastic decrease in quantum efficiency of the light-emitting devices.

4. External Light Output. The light passes through several layers of ma-
terial before reaching the detector (or the human eye), such as the emitter layer
itself, the transparent electrode (typically ITO), the substrate onto which the
transparent electrode is deposited (glass or plastic), and air. Optical phenomena
such as interference, absorption, and internal reflection will lower the total
amount of light that reaches the detector. Therefore, the effectively measured
quantum efficiency, the so-called external quantum efficiency, can be as low as
20–25% from the internal quantum efficiency. In the following pages, whenever
we talk about the quantum efficiency, we shall assume it to be the measurable ex-
ternal quantum efficiency.

5. Response Time. The response time can be defined as the time needed
to reach a certain brightness level after the bias is applied. A good device should
respond rapidly when applying a bias, long delays being impractical. Moreover,
a LEC with fast response times can be operated under a.c. voltage, resulting in
improved operating lifetimes and sometimes higher efficiencies [232]. In many
cases, due to the limited ionic mobility, LECs have rather slow response times

drawbacks. The response time can be improved in several ways: by increasing the

or by applying a special voltage program [228].
6. Lifetime. Because the lifetime during operation depends on the (ini-

tial) brightness level, it is usually referred to as the time after which the bright-
ness level reaches half of an initial brightness of 100 cd/m2 (a typical value for a
desktop monitor). The best available OLEDs (with both polymeric and small-
molecule emitters) have operation lifetimes exceeding 10,000 h and in some
cases even more than 50,000 h [61]. At present, solid-state LECs still suffer from
relatively short lifetimes, the best LECs available having lifetimes of the order of
1000 h, but further progress in this field is expected to improve their lifetimes.

B. Solution ECL Devices

Although the purpose of this chapter is to present solid-state LECs (SSLECs)
we think it appropriate to show here some of the results, both old and new,
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(sometimes of the order of tens of seconds) (Fig. 7), which is one of their major

ionic conductivity, by using devices with a “frozen junction” (see Section III.F),



about solution LECs (SLECs). We will analyze a few data dealing with degrada-
tion of ECL in liquid electrochemical cells, because this is the main reason
for their failure as practical devices. It is also instructive to understand the
failure mode of these devices, because many of the factors that affect their
lifetimes are relevant for current SSLECS as well. We should also mention
that, although not strictly related to ECL experiments, when the luminescent
polymers are soluble in polar solvents, solution electrochemistry can provide use-
ful estimates of the HOMO-LUMO energies, such measurements being now
quite common [11,62,72,216].

Device failure and degradation for solution LECs have been reported
mostly for Ru(bpy)3

2+ and rubrene ECL cells, two emitters that have been widely
employed in SLECs. As early as 1975, Laser and Bard [63] discussed in detail the
operation of ECL devices and the factors affecting their lifetime and failure. They
pointed out and discussed several causes for device failure:

1. Gradual loss of electroactive substances in either solvent- or impurity-related
reactions

2. Side chemical or electrochemical reactions of the electrogenerated species,
solvent, supporting electrolyte, and/or impurities, which decrease their life or
generate quenchers

3. Electrode blocking by film formed during operation

Analyzing the lifetime of solution light-emitting devices based on Ru(bpy)3
2+ in

acetonitrile, they underlined the necessity of precise potential control, in order to
avoid the second and third reduction of the metal chelate. If these processes are
allowed to occur, irreversible precipitation onto the Pt electrode occurs, blocking

quirement can be fulfilled in a three-electrode setup, but it is not as easily attained
in a two-electrode, practical device. They also showed that it is important to use
a potential program for generating ECL and that a simple square-wave signal may
not be appropriate for efficient light generation. For thin-layer electrochemical
cells as two-electrode devices, with either rubrene (in benzonitrile) or Ru(bpy)3

2+
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the electrode surface and destroying the active substance (Fig. 6, left). This re-



(in acetonitrile) as emitters, satisfactory lifetimes were obtained only if the
supporting electrolyte was absent, thus proving that either the impurities present
in tetrabutylammonium perchlorate (TBAP) or the salt itself drastically affect the
operational lifetime. The typical half-life in the absence of supporting electrolyte
is about 10 min, whereas for cells containing 0.1 M TBAP it is less than 3 min.

Dunnett and Voinov [64] studied the ECL decay of rubrene in benzonitrile,
showing that the simultaneous reduction of benzonitrile, which occurs together with
rubrene reduction, is likely to critically affect the ECL lifetime. They
suggested that the radical anions generated in benzonitrile reduction can be
involved in the annihilation of rubrene radical cations, thus being partially
responsible for the observed ECL. Impurities were also detected in the benzonitrile,
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Figure 6 Left: Cyclic voltammetry of a 0.6 mM Ru(bpy)3(ClO4)2 solution (0.1 M
tetrabutylammonium perchlorate/acetonitrile, Pt electrode, 100 mV/s), before (dotted line)
and after (solid line) 5 h of ECL (pulsing between +1.2 and –1.9 V vs. Ag/Ag+ at 100 Hz).
(From Ref. 63.) Right: Cyclic voltammetry of a 0.4 mM rubrene solution (0.05 M
tetrabutylammonium perchlorate/acetonitrile, Pt electrode, 100 mV/s) before (curve A) and
after (curve B) 4 h of ECL generation in a thin layer cell. (From Ref. 65.)
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such as phenol and benzyl alcohol, which can protonate the rubrene radical anions
or react with the electrophilic radical cations, further affecting the ECL lifetime.
When the rubrene thin-layer cell (26 µm thick) is operated at 2.8 V,
the ECL decays with a half-life of only 2 min. The rubrene oxidation and
reduction waves disappear after prolonged operation, new waves being observed on
the cyclic voltammogram. Even when the cell is operated at 2 V, below the ECL
threshold of 2.35 V, the degradation is still noticeable, with apparently
the same mechanism. Brilmyer and Bard [65] reached similar conclusions

least in part, to the degradation of the rubrene molecule, isomers of dihydrorubrene
being detected in spent thin-layer SLECs. Thus, degradation of the emitter molecule
proves to be an important factor in the failure mechanism of these devices.

Schaper et al. [66] investigated the rubrene ECL in thin-layer cells, using low
polarity solvents (1,2-dimethoxyethane). They showed that such cells work well
even without the addition of supporting electrolyte: the amount of ionic impurities
is still large enough to provide a minimum ionic conductivity (~10–7 Ω–1cm–1).
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Figure 7 Luminance transients for an ITO/Ru(bpy)3(X–)2/GaSn LEC (100 nm, 2.5 V)
device in air (solid lines) and in a dry box (dotted lines). X– = (a) BF4

–; (b) ClO4
–;

(c) PF6
–; (d) AsF6

–. (From Ref. 231. Copyright 2002 by the American Chemical Society.)
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(Fig. 6, right), showing that the failure of rubrene-based solution LECs is due, at



The typical half-life of such a device is about 50 h, with brightness levels still
in the visible range after 500 h. They also reported that the current and onset of
luminescence do not depend on the electrode separation, partly because of free
convection of the liquid electrolyte. Indeed, the ECL phenomenon in liquid
systems is linked to the onset of electrohydrodynamic convection, the ECL being
observed macroscopically as structured, honeycomblike, patterns. The mass trans-
port mechanism is thus not only diffusional; convection contributes also, a feature
that contributes to the constancy of the light and current onset on cell thick-
ness. The interesting phenomenon of patterned ECL due to electrohydrodynamic
convection was given attention in later, more detailed, studies [67–69].

Chang et al. [70] reported ECL from polymer solutions. BDOH-PF solutions

of 1% and lifetimes of ~30 min at 10 V. Because the main reason for the short
lifetime is solvent evaporation, sealed devices have longer lifetimes. Similar de-
vices were reported with concentrated, gel-like, MEH-PPV solution (8% w/w) in
either dichlorobenzene or cyclohexanone [71]. They show rather poor performance

added surfactant is not clear; it was suggested that it prevents the phase separation
of MEH-PPV and dichlorobenzene and improves the contact between the electrode
and the polymer gel solution. The mechanism of these polymer SLECs is not a true
annihilation ECL, apparently involving solvent radicals [72]. The ECL is always
observed near the cathode for BDOH-PF and near the anode for MEH-PPV;
presumably the dichlorobenzene or cyclohexanone is oxidized at the anode (or
reduced at the cathode), generating radicals that move fast, and generates light by
annihilation with essentially immobile polymer radicals formed near the other
electrode. The light intensity for BDOH-PF is higher in dichlorobenzene, which has
a higher oxidation potential than cyclohexanone, chlorobenzene radicals favoring
the formation of the polymeric excited state. MEH-PPV SLECs show better per-
formance in cyclohexanone, because the dichlorobenzene radical anion appears to
be less stable. Surprisingly, even in these viscous polymer solutions convection is
still observed [70,72].

More inert solvents, such as toluene, were employed in solution ECL of
poly(9,9′-dioctylfluorene) [73]. As expected, the device is highly resistive;
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that improves upon addition of a surfactant (dibenzo-18-crown-6). The role of the

(see Table 2 for structure) in dichlorobenzene, prepared without adding supporting
electrolyte, show blue electroluminescence (Fig. 8), with quantum efficiencies



Table 2 LECs That Have Polymeric Fluorene Derivatives as Emitters

Emitter Structure LEC typea Emission Brightness Max. efficiencyb Ref.

BDOH-PF ITO/P Sky blue 190 cd/m2 at 3.1 V 4% (12 lm/W) 81,83
+ LiTf/Al 1000 cd/m2 at 3.5 V 8 lm/W

ITO/P + PEO White 400 cd/m2 at 4 V 2.4%
+ LiTf/Al

DHF-co- ITO/P + PEO Blue-green 1 µW/cm2 at 11–12 V — 82

DHF-co- + LiTf/Al
BTOHF

BDOHF-
ANT

BDOHF/
ANT-ANT

ITO/P Blue to 100 cd/m2 at — 197
+ LiTf/Al green-blue 4.0–4.5 V

BDOHF-
FLUO

(Continued)

}
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Table 2 Continued

Emitter Structure LEC typea Emission Brightness Max. efficiencyb Ref.

PDHF ITO/P + THA- — ~400 cd/cm2 at 6 V — 198
TSFI/Alc

aP = polymer emitter; LiTf = lithium triflate; PEO = poly(ethylene oxide).
bExpressed as quantum efficiency (%) or luminous efficiency (lm/W).

cTHA-TSFI =

Copyright © 2004 by Marcel Dekker, Inc.



charge is injected only above 20 V, and the current reaches 100 A/m2 at around
100 V. The ECL mechanism of this device is unclear, the authors suggesting that
the charge injection could be similar to that of a normal OLED. However, the
current–voltage curve cannot be described by simple thermionic emission; it is
likely that this device has much in common with the rubrene-dimethoxyethane
system reported by Schaper et al. [66].

Polymer SLECs are still a rather new field of study, and it remains to be
seen whether true annihilation-type polymer SLECs can be obtained, because the
polymer molecules are too bulky to diffuse fast enough in solution.

C. Solid-State LECs: Some Practical Issues

A solid-state LEC (SSLEC) comprises several key components: an emitting
substance, an electrolyte, an ionic conductor (usually a salt), and two electrodes,

separately. In some cases the polymeric emitter can also act as a solid electrolyte
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Figure 8 Picture of the ECL from a polymer solution LEC with BDOH-PF as emitter.
(From Ref. 70.)

Copyright © 2004 by Marcel Dekker, Inc.

one of them transparent (Fig. 9). Not all the components need to be added

(see Section III.D), and in others the emitter itself is a salt with a large enough
ionic conductivity (see Section III.E).



The emitters used in solid-state LECs are quite numerous, either polymeric
materials or “small” molecules. Widely used emitters are PPV and its derivatives,
polymeric fluorenes, and Ru(bpy)3

2+-type metal chelates, and they are discussed
in more detail in the following sections.

The active film, containing the emitter, electrolyte, and salt, is usually
deposited by spin-coating from a mixed solution in a suitable solvent (the most
common being acetonitrile, chloroform, cyclohexanone, or THF). Spin-coating is
a cheap and easy method for film formation, usually giving good quality films.
The film’s thickness depends on both the solution concentration and the spinning
rate, and it can be adjusted by varying these parameters; typical values range
from 100 to 500 nm. When insoluble polymers are to be deposited as films, the
(soluble) monomer is spin-coated instead, and the obtained film is then polymer-
ized (by thermal or photochemical initiation) [224].

The polymer electrolyte most commonly used is poly(ethylene oxide) (PEO),
which has good solvent properties for ionic substances. Unfortunately, because in
many cases the polymer emitters used are rather nonpolar, mixing them with PEO
can result in phase separation due to limited miscibility between polymers; adding
a salt to the system increases this chance. This is one motivation for developing
polymeric emitters with polar side groups that are capable of dissolving salts with-
out the need to add a solid electrolyte. Crown ethers are also used as solid elec-
trolytes [206,237] because of their good ability to solvate alkaline cations such as
Li+ and their wider miscibility range with nonpolar polymers; improved ionic dis-
sociation was found in such electrolytes [219], but they are usually more expensive.

A widely used salt is lithium trifluoromethane sulfonate (LiCF3SO3), com-
monly known as lithium triflate (LiTf). It is soluble in a wide variety of polar and
moderately polar organic solvents, being reasonably stable. In some cases,
though, it may lead to the formation of ion pairs and/or ion aggregates, lowering
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Figure 9 Schematic picture of a solid-state light-emitting electrochemical cell.
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the total ionic concentration [74]. If needed, other lithium or tetraalkylammonium
salts can be used as well [206]; in some cases even room temperature molten
salts, which can serve as both electrolyte and source of mobile ions, have been
used with good results [198].

In most cases, the transparent electrode used for preparing LECs is indium-
tin oxide (ITO). Thin, semitransparent metal films deposited onto glass can be
used also, but these films are usually highly resistive and may lead to unwanted
heating during operation. ITO-covered glass (or plastic) is preferred, because it
has good conductivity and optical properties. ITO is also commercially available
in a wide variety of types and on various substrates. Several alternatives to ITO
have been proposed, that have somewhat better properties, but they have been
used only occasionally. Alternatives to ITO include other doped semiconducting
oxides, such as Ga0.12In1.88O3, Ga0.08In1.28Sn0.64O3, and Zn0.5In1.5O3 [75,76],
which have better optical properties and higher work functions. However, be-
cause the electrode work function is not so important for LECs, ITO is probably
still the best option with respect to both price and availability and optical and
electrical characteristics. When employed as an electrode, the ITO surface must
be cleaned before use, various procedures being available. Wet cleaning proce-
dures, such as sonication in organic solvents (acetone, isopropanol, ethyl alcohol,
water–ethanolamine mixture), are an easy and relatively efficient way of obtain-
ing good surfaces. Some surface contamination with organic substances results
when this method is used, but this is not usually a major concern for LECs. Other,
rather expensive, methods include O2 plasma cleaning and inert gas (Ne, Ar)
sputtering [77,78], which give very clean, organics-free surfaces [79] with higher
work functions. Because for LECs we are not so concerned about the electrode
work function, wet-cleaning procedures are likely to be preferred.

The second contact is usually a metal deposited by vacuum evaporation.
Aluminum is widely used, but noble metals such as Au and Ag can be employed
with almost the same results. The use of liquid alloys (Ga-In and Ga-Sn eutectics)
and metals (Hg) was also reported [229–231], contacts being made by printing
the liquid metal with a syringe. Although when using liquid metal contacts the
contact area is not very well defined and is far from being perfect, this method
produces easily short-free contacts. In some cases, the second contact can also be
ITO, giving a totally symmetrical LEC [80].

D. Polymer LECs

We have grouped polymer SSLECs into three major categories, depending on the
emitter type: fluorene polymers, PPV and derivatives, and other polymers. The
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results reported in the literature are summarized in three tables, with only the most
interesting ones being analyzed in more detail.

1. LECs with Polymeric Fluorene Derivatives

Polyfluorenes show high solid-state fluorescence quantum yields, in some cases
close to 70%, and are therefore attractive candidates for polymer LECs. Results
from the literature for LECs with polyfluorene derivatives are summarized in

and therefore phase separation occurs when it is mixed with PEO. Improved
derivatives have been synthesized that have ethylene oxide side groups and bet-
ter properties [81,82]. Interestingly, Yang and Pei reported [83] that one of these
derivatives, BDOH-PF (see Table 2), emits white light when blended with PEO
instead of the blue-green color expected from such an emitter. The emission shift
appears to be related to the strong phase separation that occurs when the polymer
is mixed with PEO.

The lifetimes of LECs with polyfluorene emitters are still quite modest, not
exceeding 10–20 h.

2. LECs with Polyphenylenevinylene and Derivatives

Polyphenylenevinylene (PPV) and its many derivatives are widely employed for
both LECs and OLEDs because of their good photoluminescent quantum yields
and stability. After Heeger and coworkers [199] reported the first SSLEC with PPV
as the emitter, interest in this type of LEC gradually increased; the mostimportant
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Figure 10 Left: Current and light intensity as a function of time of an ITO/BDOH-PF +
LiCF3SO3/Al LEC biased at 3.1 V. Right: Optical absorption and PL spectra of BDOH-
PF in a dilute solution in THF (1 mg/100 mL) and in a thin film spin-cast from a solution
in THF (20 mg/mL). (From Ref. 81. Copyright 1996 by the American Chemical Society.)
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Table 2; a typical result is shown in Figure 10. Polyfluorene itself is nonpolar,

results are shown in Table 3. Figure 11 shows a typical result for this type of cell.



Table 3 LECs with PPV and Derivatives as Emitters

Emitter Emitter Structure LEC typea Emission Brightness Max. efficiencyb Ref.

MEH-PPV ITO/P + PEO + LiTf/Al Orange >100 cd/m2 at ±4 V 1% 199

PPV ITO/P + PEO + LiTf/Al Green 0.1–0.2% 199

PPV ITO/P + PEO +LiTf/Al Green 100 cd/m2 at 4 V; 2% 200,
8 cd/m2 at 3 V 201

PPV+MEH- ITO/P1 + PEO + LiTf/P2 Red-orange or — — 202
PPV + PEO + LiTf/Al green

PPV ITO/P + PEO + LiTf/Al Green — 0.0045% 203
ITO/P+PEO+LiTf/LiPSS Green — 0.02% 203

+PEO/Al
ITO/P+PEO+LiTf/LiPSS Green — 0.029% 203

+PEO/P+PEO+LiTf/Alc

MEH-PPV ITO/P + PEO + LiTf/Al; Orange 10–20 cd/m2 at 3 V 1–2.5% 204
ITO/P+PEO+OCA 1000 cd/m2 at 3 V 1–2.5% 204
+LiTf/Alc

MEH-PPV ITO/P + PUI/Alc White 205
MEH-PPV ITO/P + DCH-18Cr6 Orange 90.3 cd/m2 at 3 V 0.55% 206

+ LiTf/Al;
ITO/P + DCH-18Cr6 Orange 389 cd/m2 at 3 V 0.59% 206

+ LiIM/Alc

MEH-PPV ITO/P/PEO+TBABF4/Alc Orange — 0.43% 207
MEH-PPV ITO/P/SCC/Al Orange — 0.86% 208

ITO/P/SAC/Alc Orange 172 cd/m2 0.74% 208

(Continued)
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Table 3 Continued

Emitter Emitter Structure LEC typea Emission Brightness Max. efficiencyb Ref.

MEH-PPV ITO/P + THA-TSFI/Alc Orange 0.5 µW/cm2 2.6×10–4d 198
BuEH-PPV ITO/P + LiTf + OCA/Alc Green — 3% (4.4 lm/W

at 6 V)

BCHA-PPV ITO/P+LiTf/Al Yellow — 3% at 3 V 209

BTEM-PPV ITO/P + LiTf/Al Orange 35 cd/m2 at 3.0 V 0.35% 210,
ITO/P + LiTf/Au — — 211
ITO/P + LiTf/Ag — —

15C5-DMOS- ITO/P + PEO + LiTf/Al Yellow-green — 1.9–2.3 % 212
PPV

DB-alt-BTEM- ITO/P + LiTf/Al — — 0.9 cd/A 213
PPV ITO/P+ PEO + LiTf/Al — — 1.5 cd/A 213

BDMOS-co- ITO/P + LiTf/Al Orange 0.15 cd/m2 at 3 V 0.03 cd/A 213–
BTEM-PPV 215

ITO/P + PEO + LiTf/Al Orange — 0.49 cd/A

ITO/P + LiTf/Al Green 21,400 cd/m2 2.5% (5.6 lm/W)
at 8.0 V

209

209

Orange
Orange

(Continued)
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Table 3 Continued

Emitter Emitter Structure LEC typea Emission Brightness Max. efficiencyb Ref.

DNVB-TEO ITO/P + PEO + LiTf/Al Blue-green 1.3 cd/m2 at 3.6 V 0.174 lm/W 216

MDNVB-TEO ITO/P + PEO + LiTf/Al Blue-green 1.7 cd/m2 at 3.3 V 0.042 lm/W 216 

PPV-EO ITO/P + LiTf/Al Blue — — 217

aP = polymer emitter; LiTf = lithium triflate; PEO = poly(ethylene oxide).
bExpressed as quantum efficiency (%) or luminous efficiency (lm/W or cd/A).
cLiPSS = poly(styrene-sulfonic acid) lithium salt; OCA = octylcyanoacetate;

PUI =

DCH-18Cr6 = 2,3,11,12-dicyclohexano-1,4,7,10,13,16-hexaoxacyclooctadecane; LiIM = lithium imide; TBABF4 = tetrabutylam-
monium tetrafluoroborate;

SCC = ;

SAC = ;

THA-TSFI =

dPower efficiency.
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As with other polymeric emitters used in LECs, phase separation occurs
when PPV and nonpolar derivatives are used. Adding to the blend compounds
that help prevent phase separation leads to an increase in device performance
[204]. Several derivatives have been synthesized, combining the fluorescence of
the PPV moiety with ion-solvating properties of ethylene glycol or crown ether

emitter are observed when a lithium salt is added [84,210]. The presence of the
Li+ ion near the polymer backbone induces changes in the electron density, thus
resulting in changes in the optical bandgap. This is an interesting phenomenon,
because it allows the emitted light to be tuned simply by adding a different
salt, without the need to synthesize new materials as emitters. The shift is small,
however (~10–15 nm in absorption and <5 nm in emission); moreover, if the
alkaline ions are too strongly complexed by the polar groups on the polymer
backbone, the ionic conductivity decreases, leading to poor performance.

Tunable emission can be achieved by using two different emitters spin-

and very different transport properties for electrons and holes, the annihilation
maximum is close to one electrode (the cathode). If the LEC is operated under
forward and reverse bias, different light colors are observed; with the MEH-PPV
side negative, the emission is red-orange (MEH-PPV acting as emitter), whereas
with the PPV side negative, green light is observed. Tasch et al. [211] reported
that tunable color LECs can also be obtained by blending two different emitters,
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Figure 11 Left: Typical current (solid line) and light intensity (dashed line) versus
voltage for an ITO/ PPV + PEO + LiCF3SO3/Al LEC. The voltage scans from 0 to 4 V
and from 0 to –4 V, respectively. Right: Absorption, photoluminescence (PL), and
electroluminescence (EL) spectra from the same LEC. (From Ref. 200. Copyright 1996 by
Elsevier Science.)

Copyright © 2004 by Marcel Dekker, Inc.

groups (see Table 3). In some cases, changes in the absorption spectrum of the

coated separately [202] (Fig. 12). Because of asymmetrical charge injection



The emission color of the resulting LEC can be adjusted by simply varying the
applied bias and shifts from orange (<4 V, MEH-PPV emission dominant) to
green (>6 V, m-LPP emission dominant). Owing to the relatively large differ-
ences in the optical bandgap for the two polymers and very limited interaction be-
tween them, the emission occurs as if two different LECs with different turn-on
voltages were operated in parallel.

Several studies [85–87,204] have shown that films made with MEH-PPV-
type polymers mixed with PEO have a three-dimensional network structure

two phases, one containing the solid electrolyte and the other the MEH-PPV-type
emitter, are responsible for ion transport and light emission, respectively. It is un-
clear as to how the phase separation affects the operating lifetime of these LECs.

The best available LECs with PPV derivatives show reasonably long life-
times: less than 20% luminescence loss, for an initial brightness of 300 cd/m2, af-
ter 100 h of operation was reported [204]. In an effort to improve the
performances of PPV-type LECs, a number of studies [88,198,206] have focused
on using different electrolytes and salts instead of the classical PEO and lithium
triflate. The results are promising, showing that improvement is still expected in
this area.

3. LECs with Other Polymers

Various other polymers have been used as emitters for LECs, ranging from lad-
der-type poly(p-phenylene) to Ru(bpy)3

2+-based polymers. These are summa-
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Figure 12 Left: Current–voltage and light–voltage characteristics of a bilayer MEH-
PPV/PPV LEC under forward and reverse bias conditions. When forward-biased, the LEC
emits red-orange light from the MEH-PPV layer. When reverse-biased, the LEC emits
green light from the PPV layer. Right: Electroluminescent spectra from the bilayer LEC
under forward and reverse bias conditions. Inset shows a schematic diagram of the bilayer
device structure. (From Ref. 202.)
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MEH-PPV and m-LPP (see Table 4 for structure) with PEO and lithium triflate.

(Fig. 13) with domains, due to the limited miscibility of MEH-PPV and PEO. The



Table 4 LECs with Various Polymers as Emitters

Emitter Emitter structure LEC typea Emission Brightness Max. efficiencyb Ref.

DOHO-PPP ITO/P + PEO + LiTf/Al Blue — 2% 199

m-LPPP ITO/P + PEO + LiTf/Al; Blue-green 250 cd/m2 at 10 V 0.3% 211,
ITO/P + PEO 218,

+ LiClO4/Al;
ITO/P + PEO + LiTf/Ag; 219
ITO/P + PEO + LiTf/Au
ITO/P + DCH18C6 Blue-green 1500 cd/m2 at 6 V — 211, 218,

+ LiTf/Alc 219
TOD-PC ITO/P + PEO + LiTf/Ca Blue — 0.02% 220

DT-PQX ITO/P + PEO + LiTf/Ca Blue-green — <0.02% 220

TOD-PC ITO/P + PEO + LiTf/Ca Orange-yellow — 0.01% 220
+ DT-PQX

Ru-polyester ITO/P/Al Orange-red 80–300 cd/m2 0.01–0.08% 221

(Continued)
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Table 4 Continued

Emitter Emitter structure LEC typea Emission Brightness Max. efficiencyb Ref.

Ru-polyester ITO/P/Al Orange-red 200–300 cd/m2 0.1–0.2% 222
at 7.5 V

ITO/P + PAA/Ald Orange-red 6–30 cd/m2 0.2–3% 222
Ru-polyester ITO/P + SPS/Al Orange-red 12.8 µW/cm2 0.035% 223

ITO/P + S-PPP/Al Orange-red 6.2 µW/cm2 0.023% 223
ITO/P + PMA/Al Orange-red 0.65 µW/cm2 0.014% 223
ITO/P + PAA/Ald Orange-red 2.5 µW/cm2 2.6% 223

Ru-poly ITO/P/Au Orange-red — 0.92% 224

P3OT ITO/P + PEO Orange — 0.01% 225
+ TBATf/Ale

aP-polymer emitter; LiTf-lithium triflate; PEO-poly(ethylene oxide).
bExpressed as quantum efficiency (%).
cDCH18C6 = dicyclohexano-18-crown-6.
dFilms prepared using layer-by-layer technique. PAA = poly(acrylic acid) sodium salt; SPS = poly(styrene sulfonic acid) sodium
salt; S-PPP = sulfonated poly(p-phenylene); PMA = poly(methacrylic acid) sodium salt; PAA = poly(acrylic acid) sodium salt.

eTBATf = tetrabutylammonium triflate.
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most interesting results reported in the literature.
The ladder-type poly(p-phenylene) m-LPP shows rather peculiar behavior

when mixed with PEO, with nonsymmetrical current–voltage characteristics and

attributed to a very restricted ionic mobility of the Li+ ions [218], but other
causes, such as purity of the materials used for LEC preparation, cannot be ruled
out. LECs made with crown ether solid electrolyte show the usual symmetrical
current–voltage characteristics, and IR spectroscopic studies prove that the
degree of ion pairing is much lower in this case [219].

An interesting type of LEC was reported with a mixture of TOD-PC and
DT-PQX (see Table 4 for structures) [220]. TOD-PC and DT-PQX show intense
blue and blue-green fluorescence, respectively. Charge injection in TOD-PC de-
vices is mainly p-type, because TOD-PC can be easily oxidized and very difficult
to reduce. In the case of DT-PQX LECs, very low currents were obtained, prob-
ably because of the high ionization potential of DT-PQX. LECs made with a
mixture of the two polymers show, surprisingly, a bright yellow-orange emission
in both fluorescence and electroluminescence. The main reason for this unex-
pected behavior, which can prove useful in manufacturing color-tunable LECs, is
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Figure 13 Transmission electron micrograph of a MEH-PPV + PEO + LiCF3SO3 +
octylcyanoacetate composite. PEO was dissolved out of the blends by immersing the films
in water for several hours. The extracted films were shadowed by Pt/Pd from the bottom
side. (From Ref. 204.)
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bias-dependent emission [89,218]. The nonsymmetrical characteristics have been

rized in Table 4. As with the others polymer LECs, we shall detail below only the



apparently the mixed recombination of electrons injected in DT-PQX with holes
injected in TOD-PC.

In a detailed analysis of Ru(bpy)3
2+-type polymer emitters, Rubner’s group

[221–223], reported the production of Ru(bpy)3
2+-polyester LECs using a layer-by-

layer deposition technique with various polyanions [223]. The layer-by-layer deposi-
tion is performed by alternate dipping of the ITO substrate in the corresponding polyion
solution. The resulting film has a high degree of molecular interpenetration between the
alternate layers of the Ru(bpy)3

2+ polyester (the polycation) and the polyanion; the best
performances are achieved when the polyanion is the sodium salt of poly(acrylic acid).
The film composition can be adjusted by varying the pH of the dipping solutions, thus
allowing control of the distance between the Ru(II) sites. When the desired multilayer
structure has been built, Al is evaporated on top to serve as the second contact. The
quantum efficiency of these devices increases as the total amount of Ru(bpy)3

2+

polyester decreases, proving that self-quenching effects are important. Other factors,
such as changes in charge injection and transport, may also be responsible for improved
quantum efficiencies. However, dilution of the emitter results in a decrease in device
brightness as well as higher driving voltages due to increased resistance of the film, so
a compromise between high quantum efficiency and reasonable driving voltage and
brightness has to be made in a practical device. For example, devices with 46%
Ru(bpy)3

2+ polyester show 3% quantum efficiency, with a reasonable brightness of 25
cd/m2 at 12 V. If the Ru(bpy)3

2+ polyester concentration is increased to 58%, the
brightness reaches 30 cd/m2 at 12 V, but the quantum efficiency drops to 2%. On the
other hand, devices with pure Ru(bpy)3

2+ polyester spin-coated films have a quantum
efficiency of only 0.2% but 265 cd/m2 brightness at only 8 V [222].

It is unclear which species are responsible for the ionic conductivity of
these devices, because the polyions themselves are too bulky to be mobile and
provide reasonable conductivity. It is likely that protons present in the
poly(acrylic acid) play this role, because Fourier transform infrared (FTIR) stud-
ies have shown that only about half of the acidic groups are used to construct the
film, the remainder being protonated [222]. These devices show poorer perfor-
mance in reverse bias (Al wired positive) due to oxidation of the aluminum con-

layer-by-layer technique seems to give better results than spin-coating, allowing
better control on the amount of emitter introduced in these highly ordered films
and consequently increasing the quantum efficiency. Elliott et al. [224] studied
related Ru(bpy)3

2+-based polymer spin-coated films using ITO and Au electrodes
that showed good quantum efficiencies, a little less than 1%.

E. Small-Molecule LECs

The only small-molecule devices for which LEC-type behavior has been reported
are the ones based on ionic metal chelates such as Ru(bpy)3

2+ and derivatives.
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tact, but it is still possible to drive them in a.c. mode (Fig. 14). Overall, the



Ru(bpy)3
2+ and its derivatives have been extensively employed in electrogenerated

chemiluminescence studies in liquid solutions; their good quantum efficiency and

Spin-coated films of Ru(bpy)3
2+ (and derivatives) are amorphous and do

not tend to crystallize even during prolonged heating at moderate temperatures
(~120°C). These devices show LEC characteristics, the emitter film having a

4
– and

ClO4
– [231,232]) even without the addition of any solvent or salts. The reason for

this relatively high ionic conductivity is not known; it was speculated that traces
of water from the atmospheric moisture penetrate the film and help solvate the
ions [231], but there is still a need for direct evidence to confirm this hypothesis.
Crystalline films of Ru(bpy)3(ClO4)2, which are less likely to contain traces of
water (because the perchlorate salt does not contain any crystallization water),
show even greater ionic conductivity. Single-crystal films ~1.5 µm thick grown
between two ITO electrodes show relatively large currents and brightness levels,
with an external quantum efficiency of 3.4% [80].

The first report of an SSLEC with a Ru(phen)3
2+ derivative (see Table 5

for structure) was published in 1996 [226], but the device performed poorly, with
a quantum efficiency of only about 0.005%. Later studies [227] showed that
blending the Ru(phen)3

2+ derivative with PEO and lithium triflate significantly
improves the performance, but the maximum quantum efficiency achieved was
still low (0.2%). Other studies have confirmed that Ru(phen)3

2+-type SSLECS
have rather poor quantum efficiency [230].
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Figure 14 Current–voltage and light–voltage characteristics of a device composed of
20 bilayers of the 46% Ru(bpy)3

2+ polyester + poly(acrylic acid) sodium salt system.
(From Ref. 222. Copyright 1999 by the American Chemical Society.)
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electrochemical behavior make them excellent subjects for such studies (see Chapter

reasonable ionic conductivity (especially for small counter ions such as BF

7). LEC-type devices with small-molecule emitters are presented in Table 5.
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Table 5 LECs with Small Molecule Emitters

Acronym Emitter structure LEC typea Emission Brightness Max. efficiencyb Ref.

Ru(Sphen)3
2+ ITO/S/Al Orange-red 30–35 cd/m2 0.005% 226

ITO/S/Al Orange-red 50 cd/m2 0.01% 227
ITO/S + PEO Orange-red 100 cd/m2 0.02% 227

+ LiTf/Al
Ru(bpy)3

2+ ITO/S/Al Red-orange — 0.3–0.4% 228

Ru(bpy)2(HO- ITO/S/Al Red-orange 600–1000 cd/m2 1% 228
bpy-OH)2+

Ru(bpy)2(Es- ITO/S/Al Red 50–600 cd/m2 0.1–0.4 % 228
bpy-Es)2+ at 3–5 V

Ru(Es-bpy- ITO/S/Al Red 50–600 cd/m2 0.1–0.4% 228
Es)3

2+ at 3–5 V

(continued)
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Table 5 Continued

Acronym Emitter structure LEC typea Emission Brightness Max. efficiencyb Ref.

Ru(bpy)3
2+ ITO/S/Ga-Sn Red-orange 500 cd/m2 at 3.0 V; 1.4–2% 229–231

2000–3000 cd/m2

at 4.0 V

Ru(bpy)3
2+ ITO/S + PMMA/Agc Red-orange 200–350 cd/m2 at 2.7% 232,

5 V (a.c.-driven) (3.3 lm/W) 233

Ru(Tbu-bpy- ITO/S + PMMA/Agc Red-orange — 4.1% 232
Tbu)3

2+ (4.9 lm/W)

Rubpy-A ITO/S + PMMA/Agc Red-orange 15 cd/m2 at 5 V 4.8% 232
(a.c.-driven) (5.6 lm/W)

Rubpy-3 ITO/S + PVOH/Alc Red 730 cd/m2 0.1% 234

Rebpy-3 ITO/S + PC/Alc Red — 0.1% 234

(continued)
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Table 5 Continued

Acronym Emitter structure LEC typea Emission Brightness Max. efficiencyb Ref.

Rubpy-1a ITO/S + PVOH/Alc Red-orange 650 cd/m2 0.1% 235

Rubpy-1b ITO/S + PVOH/Alc Red 130 cd/m2 0.07% 235

Rubpy-2a ITO/S + PVOH/Alc Red 160 cd/m2 0.04% 235

Rubpy-2b ITO/S + PVOH/Alc Red 190 cd/m2 0.03% 235

Rebpy-1a ITO/S + PC/Alc Red-orange 730 cd/m2 0.1% 235

Rebpy-1b ITO/S + PC/Alc Red-orange 350 cd/m2 0.08% 235

(continued)
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Table 5 Continued

Acronym Emitter structure LEC typea Emission Brightness Max. efficiencyb Ref.

Rebpy-2a ITO/S + PC/Alc Red 175 cd/m2 0.06% 235

Rebpy-2b ITO/S + PC/Alc Red 180 cd/m2 0.05% 235

Os(bpy)2(PhP)2+ ITO/S/Au Red-orange 6000 cd/m2 at 6 V; 1% 236
330 cd/m2 at 3 V

(bpy)2-Ru-L6- ITO/S + 18C6 Orange 5000 cd/m2 at 8.2 V 1.4×10–3%d 237
Ru(bpy)2

4+ + LiTf/Alc

ITO/PEDOT- Orange 5000 cd/m2 at 9.6 V 0.76×10–3%d

PSS/S+18C6
+LiTf/Alc

ITO/PEDOT- Orange 5000 cd/m2 at 4.3 V 4.3×10–3%d

PSS/S+18C6
+Li-TFSI/Alc

aS = small-molecule emitter; LiTf = lithium triflate; PEO = poly(ethylene oxide).
bExpressed as quantum efficiency (%) or luminous efficiency (lm/W).
cPMMA = poly(methyl methacrylate); PVOH = poly(vinyl alcohol); PC = polycarbonate; 18C6 = 18-crown-6; PEDOT-PSS
= poly(3,4-ethylene dioxythiophene-2,5-diyl) doped with poly(styrene sulfonate); Li-TFSI = Li[(CF3SO2)2N–].
dPower efficiency.
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Much better results were obtained with Ru(bpy)3
2+ (Fig. 15) and deriva-

tives as emitters [228–231], quantum efficiencies as high as 2% being observed.
Devices made using PF6

– counter ions show slow response times [228,231]

[231,232] or by applying a high-voltage pulse for a short time, to build up the
ionic charge profiles, followed by a steady, low operating voltage [228]. It was
reported that Ru(bpy)3(PF6)2 LECs containing a thin electron transport layer
between the emitter layer and the Al contact also show much faster response
times [90], but it is not at all clear how the electron transport layer influences their
behavior.

Blending the Ru(bpy)3
2+ emitter with inert polymers (such as PMMA)

increases the quantum efficiency but also requires higher operating voltages. If
Ag cathodes are used instead of Al cathodes, which tend to degrade during
storage [91], the quantum efficiency for devices blended with PMMA can reach
2.5–3% [233]. Alternating current operation of such devices leads to an increase
in both quantum efficiency and operation lifetime, >1000 h half-life being
obtained at 5 V and 1 kHz (50% duty cycle), with brightness levels exceeding
100 cd/m2

3
2+ deriva-

tives have shown that better performance can be achieved by tuning the emitter’s
structure, quantum efficiencies up to 4.8% being reported [232]. Other studies
have employed various related metal chelates, such as tris(2,2′-bipyridyl)os-
mium(II) and related derivatives [230,236] and other ruthenium(II) and even rhe-
nium(I) chelates [234,235].
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Figure 15 Photograph showing emission from two contacts of an ITO/Ru(bpy)3(ClO4)2/
Ga-In LEC. (From Ref. 229. Copyright 2000 by the American Chemical Society.)

Copyright © 2004 by Marcel Dekker, Inc.

(Figs. 7 and 16); the response time can be decreased by using smaller counter ions

[233] (Fig. 18). Recent studies employing various Ru(bpy)



The best available LECs with small-molecule emitters still appear to be
the ones based on Ru(bpy)3

2+ and its derivatives, which have reasonably long
lifetimes (>1000 h), with good quantum efficiencies and brightness levels.

F. “Frozen Junction” LECs

“Frozen junction” LECs are a special case of LECs where the concentration
(ionic, hole, and electron) gradients are formed by applying a bias at a high tem-
perature and then freezing the ionic concentration gradient by cooling the device
to a temperature below the glass transition. Electron hopping still occurs at these
low temperatures, but the ion movement is essentially stopped. As a result, the
LEC-type behavior changes into a diode-like one, showing rectification and fast
transients, due to the still fast electron hopping charge transport mechanism.

Maness et al. [92] first employed this technique to study the ECL of
poly[Ru(vbpy)3](PF6)2 films prepared by electropolymerization onto gold
interdigitated array electrodes (IDAs). Concentration gradients of the oxidized
and reduced species of poly[Ru(vbpy)3](PF6)2 were generated by controlling
separately the potentials of the two IDA finger electrodes, using a bipotentiostat,
until a steady state was reached. The film-covered IDA was then dried and cooled
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Figure 16 Device efficiency (%, external) as a function of time and applied voltage for
an ITO/Ru(bpy)3(PF6)2/Al LEC. (From Ref. 228. Copyright 1999 by the American
Chemical Society.)
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at 0°C while the bias (+2.6 V) was maintained to preserve the concentration
gradients. The resulting film shows typical diode-like behavior: current flows
and light is generated at +3.6 V, and very low currents are observed if the bias is
reversed (–3.6 V). The frozen concentration gradients slowly relax back to an
equilibrium state if left at zero bias; the ion movement still occurs, even if very
slowly. If the film is kept in reverse bias for a long time, the relaxation is accel-
erated. In principle, the concentration gradients can be preserved longer either by
using less mobile ions or by freezing them at lower temperatures.

488 Buda

Figure 17 Current (top), light emission (middle), and ECL efficiency (bottom) of
a [Ru(bpy)2(bpy(CO2MePEG350)2)](ClO4)2 film containing concentration gradients
prepared at room temperature with a ∆E = 2.4 V bias and then frozen at –20°C. The
applied voltage was swept ±10 V at 10 V/s and centered at ∆E = 2.4 V. (From Ref. 93.
Copyright 1997 by the American Chemical Society.)
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In a similar study [93], a room-temperature molten salt ([Ru(bpy)2(bpy
(CO2MePEG350)2)](ClO4)2) was employed as the emitter. The molten salt is
very viscous at room temperature (η ~107 cP) and has an apparent glass transi-
tion at –5°C. The ionic conductivity of this molten salt falls from 10–8 Ω–1 cm–1

at room temperature to ~10–11 Ω–1 cm–1 at the temperature of the glass transition.
The molten salt is cast onto Pt IDA, after which the frozen concentration gradi-
ents are built in as described earlier [92]. The frozen concentration LEC shows

step, but the quantum efficiency is quite low (0.0013% at –20°C). As with
the poly[Ru(vbpy)3](PF6)2 films, the frozen junction is degraded under prolonged
reverse biasing.

Gao et al. [94,95] used the same technique for MEH-PPV+PEO LECs, show-
ing that response times in the microsecond range can be obtained with junctions
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Figure 18 Light emission vs. time of pristine Ru(bpy)3(PF6)2 devices and blend devices
with poly(methyl methacrylate) (PMMA), polycarbonate (PC), and polystyrene (PS). All
blend devices contain ~25 vol% polymer. Devices were operated at 5 V and 50% duty
cycle at 1 kHz. The solid lines are linear extrapolations of the light emission to determine
the half-life of each device. (From Ref. 233.)

Copyright © 2004 by Marcel Dekker, Inc.

rectification (Fig. 17) and fast rise in both current and light during a potential



frozen at 150 K. The frozen junction was found to be very stable at temperatures be-
low 200 K, which roughly corresponds to the glass transition temperature of PEO.

Room temperature frozen junction LECs, much more attractive as practical
devices based on PPV-type polymers, have also been reported [209], with very
high brightness (>20,000 cd/m2 at 8 V) and quantum efficiency (2.4%). The
response time (~30 µs) is also much faster than for regular LECs. In conclusion,
it appears that frozen junction LECs are attractive candidates for practical de-
vices, because they combine the balanced charge injection of LECs with the fast
response of OLEDs.

G. Lifetime and Device Degradation of LECs

The operating lifetime of LECs is still the critical issue with this type of electro-
luminescent device. Even though lifetimes exceeding 1000 h have been reported
[233], the value is still well below the 10,000 h minimum requirement for displays.

In contrast to the OLED literature [61,96–100], there are not many studies
that discuss in detail the factors affecting the operating lifetime of LECs; such a
study is quite difficult to perform, because in many cases LECs consist of complex
mixtures of three or four different materials, each with its own properties.
Therefore, stability (thermal, electrochemical) issues have to be addressed for each
component, with a considerable experimental effort, and it is sometimes difficult
to ascribe the failure of these devices to one component or another. However, there
are at least a few common stability issues between solution and solid-state LECs,
also common to OLEDs, mostly related to overoxidation or overreduction of
the emitter, side electrochemical reactions of the solid electrolyte and/or salt

Atmospheric moisture and O2 are also likely to shorten the lifetime of LECs,
either by reacting with the electrogenerated radical species or by being involved
directly in electrochemical reactions [101].

Kervella et al. [102] have investigated in detail the failure mode of a LEC

ciency of such LECs remains almost constant during operation, albeit both current

degradation of the polymer, due to overoxidation or overreduction, is responsible
for this behavior. The salt used as ionic conductor can also be electrochemically
degraded; the total amount of light generated was found to be four times lower,
with a faster decay of the quantum efficiency, if Li[(CF3SO2)2N] was used instead
of lithium triflate. As Kervella et al. [102] pointed out, degradation of the anions
of salts used as ion conductors in solid electrolytes is a major issue in lithium
batteries, and further progress in this field may lead to improvement of LECs too.
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based on DHF-co-BTOHF (see Table 2 for structure). Because the quantum effi-

and brightness decay sharply (Fig. 19), they suggested that the electrochemical

(see also Section III.B), and quencher generation during operation [96,100,103].



In the case of Ru(bpy)3
2+-based LECs, it was found [103] that device

degradation is likely to be caused by a quencher, Ru(bpy)2(H2O)2
2+, formed

during device operation through the reaction of the excited state with traces of
water, devices operated under dry, inert atmosphere showing longer lifetimes.
Changes in the absorption spectrum were also observed after device failure [230];
some degradation of the Ru(bpy)3

2+ emitter seemingly occurs too, being also
suggested as a reason for device degradation in other related studies [104].
For LECs with a binuclear Ru(bpy)3

2+-type emitter [237], device degradation
was also related to the degradation of the Ru(bpy)3

+ species due to traces of
water.

There is still the need for a more detailed analysis of LEC failure; the avail-
able experimental data do not allow one to draw a firm conclusion, but it appears
that degradation of the emitter due to overoxidation and/or overreduction and
degradation products that act as luminescence quenchers are likely to be two of
the major reasons for LEC degradation.

IV. CHARGE TRANSPORT IN SSLECs—ELECTRON HOPPING

A. Electron Hopping Between Fixed Sites

The difference between the charge transport in a fluid medium and in a solid is
that in the first case the transport is due to physical movement (or displacement),
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Figure 19 Evolution as a function of time of the current–voltage and electroluminescence
intensity–voltage curves of a fresh ITO/DHF-co-BTOHF + LiCF3SO3/Al LEC biased at
15 V. Inset: The corresponding EL intensity/current ratio. (From Ref. 102. Copyright 2001,
The Electrochemical Society.)

Copyright © 2004 by Marcel Dekker, Inc.



whereas in the second case it is mainly due to electron hopping (Fig. 20). The
contribution of electron hopping to charge transport was acknowledged long ago
[105,106], and it was shown that in solution this contribution is very small [107].
Interest in the electron hopping mechanism grew after the discovery of redox
polymers, and theoretical and experimental analysis of this phenomenon was
developed as a consequence [108–114].

Savéant [115] derived a transport equation for electron hopping between
fixed sites that was later generalized by Baldy et al. [116] and Mohan and
Sangaranrayanan [117]:

(1)

(1′)

where DE is the equivalent diffusion coefficient for electron hopping; CA, CB are
the concentrations of donor and acceptor sites (C0 being the total concentration
of redox sites, i.e., CA + CB = C0); and ϕ is the electrostatic potential. Thus, elec-
tron hopping is a second-order process, characterized by two concentrations: that
of the acceptor and that of the donor. The equivalent diffusion coefficient of
electrons can be expressed in terms of the exchange rate of the electron hopping
between the two fixed sites [118,119],

DE = ketδ2/6 (2)

492 Buda

Figure 20 Schematic picture of electron hopping between adjacent donor (A) and
acceptor (B) redox sites.
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where ket is the (first-order) electron transfer rate constant (which can be also
viewed as the jump frequency between the two fixed sites) and δ is the average
nearest-neighbor separation. ket depends also on the separation between the fixed
sites, because the probability of the hopping event depends on the energy barrier,
and can be written as [119,120]

ket = Ae–(δ – r)/γ (3)

where A is a constant, r is the contact distance (the molecular diameter), and γ is
a distance related to the electronic coupling in the system, depending on the
height of the energy barrier (thus depending also on the environment of the redox
sites). Typical γ values lie in the range 0.5–1 Å [120]. Electron hopping has many
similarities with the Marcus theory of electron transfer reactions; indeed, if the
electron exchange can be considered outer-sphere, then the Marcus formalism
can be used to calculate the rate of electron hopping [116,119,121]. In some
cases, when extensive ion pairing occurs (which is not uncommon for LECs), a
more complicated treatment is necessary [122,123].

The average distance between the redox sites can be calculated by assum-
ing various packings for the active sites [119]. The simplest estimation can be
made by taking the redox site to be a point (with zero dimensions), in which
case [118]

δ = 0.554c–1/3 (4)

where c is the (number) concentration of the redox sites. Of course, this is rather
a gross estimate, and attempts have been made to calculate this distance using
more realistic assumptions. For example, one can assume that the redox sites
are hard spheres with a radius r, in which case one obtains a rather complicated
expression for the average neighbor distance [119]:

(5)

where ξ = (4/3)πr3c is the (dimensionless) excluded volume, i.e., the total volume
occupied by the redox sites themselves. The electron hopping diffusion coeffi-
cient thus proves to be a complex function of active site concentration, because δ
is found in both Eqs. (2) and (3), but useful estimates can still be made using Eq.
(4) at constant concentration.

When physical movement of the charged species is important too, the total
diffusion coefficient is given by

Dapp = Dphys + Dhop (6)

where Dphys is the “true” diffusion coefficient of the charged species (due to
physical movement) and Dhop is the contribution from electron hopping [Eq. (2)].
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More detailed theoretical analyses of coupled physical diffusion and electron
hopping have recently been given [124,125]. We estimate, however, that for
SSLECs, and especially for polymer ones, the charge transport occurs almost
exclusively by electron hopping.

Because electron hopping is the preferred charge transport mechanism in
SSLECs, the above formalism may be useful for a quantitative analysis of charge
transport properties of such devices (especially for the ones employing fixed-site
emitters, such as small-molecule emitters and Ru(bpy)3

2+-based polymers); such
an analysis is still lacking, however. It should be pointed out, though, that Eqs. (1)
and (1′) are based on several assumptions [115,116]. The most important is the
condition ∆ϕ << kT/e, where ∆ϕ is the potential difference across the distance δ,
under which the equations can be linearized [115]. In other words, if these equa-
tions are to describe the charge transport of an SSLEC, then the electric field must
be reasonably small at every point. If we take the hopping distance as ~1 nm
[119,126], the condition becomes E << ~2.5×105 V/cm; accepting 10% of this
value as the upper limit for the validity of these equations, then E ~2.5×104 V/cm.
The value of the electric field in an SSLEC can be considerably larger (~106 V/cm)
near the electrodes, where a space charge region exists due to the accumulation of
the ions. Large electric fields may also be encountered in the annihilation region;
the electrons and holes annihilate each other, with neutral species resulting, and
therefore the electric field increases sharply as the local ion concentration may

ity coefficients of all species are constant. This is true only for small changes in the
system’s properties; however, LECs usually have rather large concentration gradi-
ents of electrons and holes. Activity effects have been previously reported for other
types of polymers [127], but it is difficult to consider them experimentally in a
quantitative manner.

There have been numerous studies, both experimental and theoretical,
about electron hopping between fixed sites, and it is beyond our purpose to give
a detailed account here. More details can be found in the cited references, as well
as other useful reviews [128–133].

Typical values for the electron hopping equivalent diffusion coefficient
range from 10–11 to 10–7 cm2/s, corresponding to (first-order) electron exchange
rates of ~103 to ~108 s–1 [126]. For example, solvent (acetonitrile) swollen films
of poly[Ru(vbpy)3] [92] show a diffusion coefficient of 1.9×10–8 cm2/s for
hole hopping [between Ru(II) and Ru(III) sites] and 7.7×10–8 cm2/s for electron
hopping [between Ru(I) and Ru(II) sites]. It is likely that in such systems
the slow, rate-determining, step for electron hopping is the hopping event
between sites on different polymer chains rather than hopping between sites on
the same chain. For small-molecule films, which are more tightly packed, equiv-
alent diffusion coefficients for electron hopping as high as 6.6×10–6 cm2/s
were reported [134]. In this case, the small distance between the redox sites leads
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still be large enough [68] (Fig. 28). The second major assumption is that the activ-



to a very high rate of electron exchange and thus to a large equivalent diffusion
coefficient.

B. Electron Hopping in Conjugated Polymers

In conjugated polymers, electrons move freely along the polymer backbone, where
there is some degree of delocalization, hopping only between the polymer chains.
Conducting polymers are composed primarily of ordered “crystalline” regions,
with close packing of the chains, and “amorphous” regions, with almost no order
(Fig. 21). The charge transport mechanism is therefore somewhat intermediate
between band transport (metal-like) and localized transport; electrons are not
completely delocalized, as in a metal, but they are not confined to a fixed position
either, as in redox polymers [135]. From a quantum point of view, inside the
“metallic” regions the wave function is extended over the entire region (electron
delocalization), whereas in the “amorphous” regions the wave function tends to
be localized on one chain. However, even in this case, where electrons are not
necessarily confined at fixed points, the formalism presented above may still be
applied, albeit probably resulting in even more approximate results. The rate of
electron exchange between sites can be written in the same way [135]:

DE = WR2 (7)

where W is a hopping frequency and R is an average distance between the “metal-
lic” grains. The hopping frequency contains a tunneling probability that decreases
exponentially with the distance. Again, Marcus theory of electron transfer can be
used to describe theoretically the electron hopping in conjugated polymers
[136–138].
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Figure 21 Schematic view on the structure of conjugated polymers. The lines represent
polymer chains, and the shaded squares mark the regions with crystalline order. (From
Ref. 135. Copyright 2002 by Elsevier Science.)
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The structure of such a polymer can thus be viewed as a network of
conducting regions separated by nonconducting regions, and because the trans-
port occurs easily within the conducting region, the overall charge transport will
be limited by electron hopping between such regions. Structural order is actually
a major issue for obtaining polymeric materials with very high mobilities that can
be used in molecular electronic devices [139]. In a LEC, however, the structure
is even more complicated: The phase separation that commonly occurs in

trolyte regions. Therefore, a theoretical, quantitative description of electron hop-
ping in such a system is quite complicated, because the two phases now have
different compositions also. In some cases, electron hopping may occur from
both fixed sites and delocalized regions. Polymers that have fixed redox sites
along conjugated polymer chains, very interesting for LEC emitters, have been
synthesized [140,141].

In a LEC, electron hopping is coupled with ion movement; ionic conduc-
tivity in solid electrolytes is a very dynamic and rich field with many practical ap-
plications, e.g., in solid-state batteries [142]. Many studies have dealting with
ionic conduction in polymer electrolytes; an interesting review that also discusses
LECs can be found in Ref. 143. In LECs, because of the limited ionic conductiv-
ity as a result of both ion pairing [74] and slow ion movement, the transient
behavior is almost always limited by the slow ionic mobility. For example, the
Li+ diffusion coefficients have been measured for MEH-PPV-modified elec-
trodes, showing values of 1.6×10–8 cm2/s when MEH-PPV is blended with PEO
and 1.7×10–9 cm2/s for pure MEH-PPV [144]. These values, although not very
small, are still small enough to significantly slow the transient response of such
devices.

V. METAL/ORGANIC INTERFACES IN SSLECS

A. Interface Structure

Metal/organic interfaces have been intensely studied because understanding them
is very important for both OLEDs and SSLECs. Almost all studies deal with such
interfaces for OLEDs, which lack high concentrations of mobile ions; however,
some similarities still exist. We give here only a brief introduction and outline
some important consequences for SSLECs; such a complex problem cannot be
treated adequately in a few pages.

The metal/organic interface in an OLED is usually described within the
framework of the Mott–Schottky model. In the Mott–Schottky limit, the barriers
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such devices results in a three-dimensional network structure (see Section
III.D.2) in which the polymeric emitter regions are separated by solid elec-



for charge injection are given by the differences in the work functions of the two
materials. The theory was originally developed for metal/inorganic semiconduc-
tor interfaces, where the semiconductor can be described by band theory. In a
disordered solid, however, there are no conduction and valence bands; instead,
electrons and holes are promoted to the lowest unoccupied molecular orbital
(LUMO) and highest occupied molecular orbital (HOMO), respectively, of
the molecules adjacent to the interface, and from there they hop to available
neighboring sites.

When defining the vacuum level for a given material, generally it is not
possible to refer the work function to the vacuum level of an electron at rest at in-
finite distance from the metal surface. Instead, it is referred to the vacuum level
of an electron just outside the solid surface. As a result, the work function of any
material will depend on the surface dipoles and the influence of these dipoles on
the electron’s energy just outside the solid. This is why the measured work func-
tion of metals depends on the surface orientation, because the Fermi level is a
bulk property of the metal. The difference between the energies of the electrons
at rest just outside the solid and those at infinite distance is related to the surface
dipole layer formed by electronic orbitals “spilling” outside the metal surface.
Therefore, the work function of any solid will be different if its surface is
changed, for example, by adsorbing a thin layer of an organic substance. The bulk
properties of the solid do not change (e.g., the Fermi level), but the environment
in which the electron just outside the solid phase sits does change. For the same
reason, the work function of any material will depend on temperature. Briefly,
one can say that the dependence of the work function on the surface type re-
flects the differences in spillage of the electron cloud outside the surface. This
effect is frequently noticed and is well known in solid-state physics [145,146] and
electrochemistry [147,148].

The interaction of the metal (or ITO) contact with the organic substance will

these deviations are quite large. As a matter of fact, many experimental data show
that the applicability of the Mott–Schottky model for calculating the charge injec-
tion barriers for metal/organic interfaces is the exception rather than the rule. For
SSLECs, which usually contain a complex mixture of substances, such studies
have not been attempted; results exist only for classical OLEDs [146,149–157]. A
more detailed discussion of this topic is not intended here, because it is less
relevant for SSLECs; more information can be found in the references given above
and in several reviews [158–161].

The situation would be qualitatively similar for SSLECs, but the interac-
tions are likely to be much stronger because now we are dealing with large
concentrations of freely moving ions, not only with surface dipoles. Also, very
polar impurities, such as traces of water (likely to exist even in dry PEO), will
increase such interactions. It is well known that water adsorbs on metal
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lead to deviations from the Mott–Schottky model (Fig. 22), and in some cases



electrodes, leading to strong influences on the double-layer structure in aqueous
solutions [162–164]; moreover, even organic substances and free ions themselves
can adsorb onto electrodes and thus interact specifically with them [165,166]. As
a rule of thumb, the more polar the organic substance, the stronger the interaction
effect, but, of course, the interaction strength will also depend on the metal.

The existence of mobile ions will lead to charge redistribution at the
interface and the development of an electrical double layer. Actually, a sound
theoretical description of the metal/organic interface for SSLECs needs a good
description of the electrical double layer in solid electrolytes, and several
attempts have been made in this respect [167,168], but we are still far from un-
derstanding all the underlying phenomena and their consequences. Experimental
probing of double-layer properties and structure in SSLEC-type systems is not an
easy task, and little has been done in this respect [169,180,181]. Phase separation
and surface roughness of the electrodes are likely to make such attempts even
more difficult.

The main difference between the electrical double layer in a fluid medium
and in a condensed one is that mobile ions can move freely and may occupy
(almost) any position in a fluid medium, whereas in the latter case the condensed
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Figure 22 Schematic of an organic/metal interface energy diagram (a) without and
(b) with an interface dipole ∆. ϕBe and ϕBh are the electron and hole barriers, and Evac(O)
and Evac(M) are the organic and metal vacuum levels, respectively. (From Ref. 149.)
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nature of the medium and the polymer structure will usually allow the free ions
to exist in only some regions [168]. Ion transport usually occurs through “seg-
mental motion” [143]: A polymer segment carrying ions moves to another
location where ions can hop to another neighboring segment; anions and cations
may have very different mobilities in such a medium [143,170].

There is another effect in SSLEC-type systems in addition to the strong
interfacial interactions and the development of an electrical double layer. Fermi-
Dirac statistics (and the Boltzmann statistics, a limiting case of the Fermi-Dirac
one), which were used to describe LECs [186] in order to give the distribution of
electrons over the energy levels in the organic phase, is strictly valid only for non-
interacting particles. If the particles interact strongly, as is the case for ions at rel-
atively large concentrations, then Fermi–Dirac statistics is no longer appropriate.
The density of states will depend on the number of particles (i.e., on concentra-
tion) [147]. In other words, from a thermodynamic point of view, activities have
to be used instead of concentrations in order to be able to use the same equations.
In a classical semiconductor, with small concentrations of dopant, this may not
be a problem, but in a LEC, which usually contains large concentrations of mo-
bile ions as well as of electrons and holes, one has to pay attention to this effect.

The metal/organic interface in SSLECs is thus very complicated, and its
theoretical treatment is still quite limited owing to the great complexity of the
system. Moreover, the complex mixture of materials usually found in SSLECs
makes such attempts even less likely to give easy answers. We still rely on
qualitative treatments, based sometimes on unrealistic assumptions. Hopefully,
modern double-layer theories [171,172], applied eventually for solid-state
electrolytes, will help us understand better the structure and the role of the
interfaces in SSLECs.

B. Charge Injection in SSLECs

Solid-state LECs are electrochemical cells, and therefore if some charge is in-
jected at one electrode, the same charge, but of opposite sign, must be injected at
the other electrode. This is a general feature of electrochemical cells, which are
systems with a high concentration of free ions and are therefore essentially elec-
troneutral. The electroneutrality assumption, however, is always an approxima-
tion, although a very good one for systems with a large concentration of free ions

ions is small, then the electroneutrality condition may no longer apply; the elec-
tric field in the bulk of the cell may be significant, and therefore the charge in-
jection need not be symmetrical. Therefore, we can say that the charge injection
in LECs is expected to be symmetrical only if the concentration of mobile ions is
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(see Ref. 173 for more details). On the other hand, if the concentration of mobile



high. Even so, a large concentration of mobile ions does not necessarily mean that
the device remains electroneutral in all cases. For example, if we have a LEC
with a 0.1 M concentration of mobile ions but we expect to inject 0.5 M electrons
at the cathode, then the device may not be electroneutral simply because we in-
ject much more charge than existed before. So we can say that the device will re-
main electroneutral as long as the charge injected at the electrodes remains much
smaller than the total charge of mobile ions (in other words, we should not change
appreciably the ionic strength during the charge injection process). This is not
necessarily true for LECs, especially when the concentration of mobile ions is
small, but in many cases we can safely assume that this condition is fulfilled.

There are currently two mechanisms for charge injection in SSLECs. In the
first model, supported by the (former) UNIAX group [199], the doping process
(i.e., oxidation and reduction) is facilitated by the presence of the electrolyte and
mobile ions compared to OLEDs, due to changes in the tunneling mechanism, as
well as by changes in conformation and lattice fluctuation [174]. When a bias
(larger than the emitter’s “bandgap”) is applied, the emitter starts to be reduced
(n-doped) at the cathode and oxidized (p-doped) at the anode (the p-n junction
model). The highly doped states are very conductive, and therefore the contacts
become Ohmic, with a very thin tunneling barrier. At the same time, the mobile

electric field develops mainly in the bulk region [175,199,201] (Fig. 24); the charge
injection process is somewhat similar to that of an electron-tunneling mechanism
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Figure 23 Schematic diagram of the electrochemical processes in a solid-state light-
emitting electrochemical cell in the p-n junction model. (�) An oxidized molecule; (�) a
reduced molecule; (�) an anion; (�) a cation; (Ο) a hole; (•) an electron; (*) a photon.
(From Ref. 201. Copyright 1996 by the American Chemical Society.)
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ions move to preserve the local electroneutrality (Figs. 23, 24). In this case, the
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(through a very thin barrier), which is treated in the OLED literature using the
Fowler–Nordheim formalism [176].

Because the concept of doping is somewhat misleading, another model was
proposed, supported by the Cavendish group [58], in which the presence of mo-
bile ions facilitates the charge injection through a space-charge effect. When the
bias is applied, the mobile ions accumulate at the electrodes, thus increasing
the local electric field until it reaches a value large enough for the charge to be

occurs through a tunneling mechanism, but now it is assisted by the very large
electric field at the interface as the ions accumulate. In this case, the electric field
is built mainly at the interfaces, just as in a typical electrochemical cell, while the
bulk remains essentially electroneutral (the “field-free” model) [58,177]. If we
assume that there are no interactions between the solvent, emitter, and mobile
ions (which is very unlikely), we can think that the electron and hole injection
barriers are similar as in OLEDs, but now the charge injection occurs more
easily, without the need to apply large voltages; the ions increase the electric field
exactly where is needed, at the contacts. Of course, this process depends on the
concentration of mobile ions; if the concentration is small, then the space-charge
region will lead to lower electric fields near the electrodes; at the limit, where no
mobile ions are present, we recover the OLED-type behavior, which is highly
dependent on the nature of the metal contact. Experimental results show that such
a dependence exists for SSLECs too, albeit it is much less pronounced, provided
that the ionic concentration is relatively small [178].

De Mello et al. [179] tried to unify the two treatments, showing that the
p-n junction model and the field-free one can both be used to describe SSLEC be-
havior but under different biasing conditions. The field-free model is adequate for
devices operated under normal conditions, and the p-n junction model is better
employed when devices are cooled under a steady bias (thus “freezing” the ions)
and then operated at larger voltages.

Experimental evidence exists for both mechanisms, and it is difficult to
distinguish between them [174,175,179,208]. The field-free model, however, is
typical for an electrochemical cell, and if one considers that the only difference
between a SLEC and an SSLEC is the charge transport mechanism (physical
movement vs. electron hopping), then the field-free model would seem to be
better suited to describe the operation of electrochemical cells. SIMS depth
profiling [180,181] has shown that ions do redistribute at zero bias, owing to the
built-in potential (which in turn is due to the different work functions of materi-
als used as contacts), so one expects that this will also happen when a bias is
applied. Nevertheless, it is also possible that both mechanisms are responsible
for charge injection at the electrodes, with various contributions to the overall
process. Adding a salt and a polymer electrolyte would certainly change the in-
terfacial structure and therefore change the n and p doping processes, but at the
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injected in the HOMO/LUMO of the emitter (Fig. 25). The charge injection still
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Figure 24 Energy diagrams in the p-n junction model calculated for various applied
biases. (From Ref. 186. Copyright 1998 by the American Chemical Society.)
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same time the local electric field at the interface, as the ions accumulate, would
facilitate the charge injection [182]. Actually, the only major difference between
the two mechanisms is the way in which the electric field distributes along the
LEC. In both cases charge is injected and must be transported toward the middle
of the device by an electron hopping mechanism. It must be pointed out that in
both models a concentration gradient of both holes and electrons exists, and sim-
ply observing that reduced and oxidized species exist in the film does not allow
a clear distinction between the two mechanisms. Also, in both models the type of
contact is not significant for device behavior. In the p-n junction model the charge
injection is due entirely to the doping mechanism and therefore depends only on
the emitter’s bandgap, whereas in the field-free model, even if there were a weak
dependence on the nature of the contact, it would be obscured by the very large
electric field at the interface (in the high ionic concentration limit), which
controls the overall process of charge injection. As a result, the contacts can be
considered Ohmic in both cases.

We should also mention that modern techniques, using STM tips as con-
tacts on molecularly sharp boundaries (adsorbed monolayers), which allows the
study of electron transfer at molecular levels, may help in better understanding
the charge injection phenomenon in organic molecules [183,184].
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Figure 25 Left: Field-free model of the band diagram for an LEC device operating in
forward bias. Positive ionic space charge accumulates close to the cathode. Negative
ionic space charge accumulates close to the anode. This redistributes the electric field
away from the bulk of the device towards the interfaces. The steady-state shape of the
barriers for electron and hole injection are set by solutions to Poisson’s equation
and Boltzmann statistics. Typically the barrier widths are less than 10 Å in a device of
thickness 1000 Å with an ionic charge density in excess of 1020cm–3. Right: Field
free model for the band diagrams showing the comparison between an LED and an LEC
with high ionic concentration (>10–30 cm) weakly biased in the forward direction.
The LED resembles a capacitor with plate spacing of 1000 Å. The LEC resembles two
capacitors in series each having a typical plate spacing of less than 10 Å. Reprinted with
permission from reference [177].

(a) (b)
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VI. GENERAL THEORY OF LECs AND DEVICE MODELING

A general theory of SSLECs should address the following issues:

1. Metal/organic and organic/organic interfaces—ion redistribution and forma-
tion of the electrical double layer

2. Charge transport—electron hopping for electrons and holes and ion
movement

3. Charge injection
4. Electron–hole annihilation and light emission

A theoretical model would thus include a charge injection mechanism, coupled
with transport equations (electron hopping for electrons and holes and
Nernst–Planck equations for ions) and the annihilation reaction between electrons
and holes. Depending on the concentration of mobile ions, either the electroneu-
trality condition or the Poisson equation would be included in the model.

A detailed theoretical description for steady-state LECs was proposed by
Smith [185] for polymer LECs, based on the p-n junction model, where the salt
generating the mobile ions is different from the emitting substance and the ions
are considered to be inert. This model involves symmetrical devices with identi-
cal electrodes for easy calculations, but the ionic concentration is considered to
be relatively low, because the value for the free energy of ion dissociation is taken
to be as high as 0.6 eV. A somewhat similar treatment is due to Manzanares et al
[186], who solve, at steady state, the drift–diffusion (or Nernst–Planck) equations
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Figure 26 Simulated steady-state current-voltage curves in the p-n junction model
for various salt concentrations and annihilation rates. Reprinted with permission from
reference [186]. Copyright 1998 American Chemical Society.

Copyright © 2004 by Marcel Dekker, Inc.



for electron, hole, and ion transport, coupled with the electroneutrality condition

appropriate or not, because the concentration of the injected charges is compara-
ble to the ionic charge. Also in this mechanism, Eq. (1) might be better employed
to describe electron and hole movement rather than the classical Nernst–Planck
equation. Several studies were focused on the a.c. behavior of SSLECs and the
difference between the impedance of SSLECs and OLEDs, using the same p-n
junction model [187–190]; similar treatments for polymer SLECs have also been
reported [191].

A detailed description, based on the field-free model [177], outlines the
possibility of having both unipolar and bipolar injection in SSLECs.
Debye–Hückel theory is employed to calculate the steady-state distribution of
ions, because it allows one to calculate such distributions analytically. However,
the theory is too approximate, especially for large ionic concentrations (typical of
SSLECs), and therefore a more accurate treatment, using transport equations cou-
pled with the Poisson equation instead of the electroneutrality assumption, was
attempted; the injection current is assumed to be of the Fowler–Nordheim type.
Transients are discussed also; in the field-free model the current is not injected
instantaneously when the bias is applied. First the electric field must be built at
the interfaces, and, because this is a relatively slow process controlled by ion
movement, some delay is observed [177]. A more detailed non-steady-state anal-
ysis for SSLECs, based on the same field-free model, was attempted for small-
molecule, Ru(bpy)3

2+-type, SSLECs [231]. The Nernst–Planck transport
equations for electrons, holes, and ions, together with the Poisson equation, are
solved numerically to give the current–voltage and light–voltage characteristics
of such SSLECs. The difficult numerical solution did not allow the use of Eq. (1)
for electron and hole transport, but the use of the Nernst–Planck equation seems
to be a reasonable approximation. Charge injection barriers similar to OLEDs are
considered at the electrode; qualitative agreement between simulation and exper-

asymmetrical, because only the small counter ions are mobile, the bulky
Ru(bpy)3

2+ being essentially fixed.
Similar attempts have been carried out not only for SSLECs, but also for

SLECs. An interesting theoretical analysis of rubrene ECL in a thin-layer elec-
trochemical cell [68] was carried out in essentially the same way as the field-free
model. Here, because we are dealing with a liquid cell, there is no doubt that the
mechanism is entirely electrochemical. Charge transport equations, coupled with
a combination of Poisson equation and the electroneutrality condition (because
the concentration of the supporting electrolyte is low) are solved numerically, and
the ionic, radical anion, and radical cation profiles are calculated (outside the
double-layer regions developed near the electrodes). It is shown also that when
the concentrations of radical anions and cations become large, some potential
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throughout the device (Fig. 26). It is not clear, however, whether this condition is

iment is good (Fig. 27), one interesting feature being that charge injection is



is a direct consequence of the fact that when the charge injected becomes
comparable to the ionic charge, the electrochemical cell is, in fact, no longer
electroneutral. Similar analytical and numerical calculations carried out for
SLECs with no supporting electrolyte show the same type of behavior and prove
that ionic concentrations as low as 10–10 mol/cm3 can still provide an electric
field at interfaces large enough to promote an electrochemical reaction [192].

An interesting electrochemical treatment of SSLECs was given by Riess and
Cahen [193], but because the authors assumed that the charge transfer coefficient
is 1, a quite unusual value for electrochemical reactions, when calculating the
current contribution due to electrochemical processes, the results are somewhat
questionable.

Finally, a key issue in SSLEC modeling has to do with whether the device
can be considered electroneutral at all times, i.e., for any applied bias, or whether
significant deviations from electroneutrality occur. In the latter case, one must
use the Poisson equation to calculate the charge distribution, significantly
complicating the problem. Moreover, the steady-state Poisson–Boltzmann distri-
bution, often used when dealing with charged species at steady state, is only
approximately valid in such systems; it is strictly valid for point charges: holes
and electrons are small particles and can be considered point charges, but ions are
much larger, and their finite size will lead to errors in the Poisson–Boltzmann ion
distribution. Finite ion size and the Poisson–Boltzmann distribution of ions is a
very well known issue in electrical double-layer theories, and many efforts have
been made to include such effects without overly complicating the theoretical
formalism [194–196].
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Figure 27 Simulated (left) and Experimental (right) current transients for different bias
values for an ITO/Ru(bpy)3(ClO4)2/GaSn LEC. (From Ref. 231. Copyright 2002 by the
American Chemical Society.)
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drop is seen in the middle of the cell too, similar to a p-n junction (Fig. 28). This



VII. CONCLUSIONS

The main purpose of this chapter was to outline and discuss practical, as well as
theoretical, features of LECs. Solid-state light-emitting electrochemical cells are
attractive for light-emitting devices, but there are still many issues that need to be
solved before they are actually wed in commercial devices. Even though impor-
tant progress has been achieved, the operating lifetime of SSLECs still needs
to be improved for them to be competitive with the best available OLEDs. The
device degradation mechanism of SSLECs has yet to be clarified. The synthesis
of new materials is likely to lead to better performance in terms of efficiency and
lifetime, but a better understanding of their operation and degradation mecha-
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Figure 28 Simulation for a thin-layer ECL cell at constant current. Interelectrode distri-
bution of (a) ions (A) R–, (B) R+, (C) An, and (D) Cat and (b) (1) gradient of electric po-
tential, (2) local uncompensated charge qex, (3) driving force density Fex = –qex(∂ϕ/∂x).
Equal diffusion coefficients of all species: 6.2×10–6 cm2/s were assumed; I = 0.135 mA.
Left: Time t = 10 ms after beginning of the electrolysis, solution resistance R = 20.19 kΩ.
Right: t = 60 ms after beginning of the electrolysis, solution resistance R = 17.54 kΩ.
(From Ref. 68. Copyright 1998 by the American Chemical Society.)
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nisms will help us look for the materials we need. Also, there is a need for better
theories to describe device behavior, ones capable of both prediction and expla-
nation of device characteristics. We can only hope that future efforts will address
these issues and answer these questions.

REFERENCES

1. Kalinowski, J. Electroluminescence in organics. J. Phys. D: Appl. Phys. 1999, 32,
R179–R250.

2. Mitschke, U., Bäuerle, P. The electroluminescence of organic materials. J. Mater.
Chem. 2000, 10, 1471–1507.

3. Armstrong, N.R., Wightman, R.M., Gross, E.M. Light-emitting electrochemical
processes. Annu. Rev. Phys. Chem. 2001, 52, 391–422.

4. Greenham, N.C., Friend, R.H. Semiconductor device physics of conjugated
polymers. Solid State Phys. 1995, 49, 1–149.

5. Brütting, W., Berleb, S., Mückl, A.G. Device physics of organic light-emitting
diodes based on molecular materials. Org. Electron. 2001, 2, 1–36.

6. Patel, N.K., Cina, S., Burroughes, J.H. High-efficiency organic light-emitting
diodes. IEEE J. Quantum Electron. 2002, 8, 346–361.

7. Chen, C.H., Shi, J. Metal chelates as emitting materials for organic
electroluminescence. Coord. Chem. Rev. 1998, 171, 161–174.

8. Kraft, A., Grimsdale, A.C., Holmes, A.B. Electroluminescent conjugated
polymers—seeing polymers in a new light. Angew. Chem. Int. Ed. 1998, 37,
402–428.

9. Forrest, S., Burrows, P., Thompson, M. The dawn of organic electronics. IEEE
Spectrum, 2000, 37, 29–34.

10. Sheats, J.R., Antoniadis, H., Hueschen, M., Leonard, W., Miller, J., Moon, R.,
Roitman, D., Stocking, A. Organic electroluminescent devices. Science, 1996, 273,
884–888.

11. Li, Y., Cao, Y., Gao, J., Wang, D., Yu, G., Heeger, A.J. Electrochemical properties
of luminescent polymers and polymer light-emitting electrochemical cells. Synth.
Met. 1999, 99, 243–248.

12. Murray, R.W. Chemically modified electrodes. Acc. Chem. Res. 1980, 13,
135–141.

13. Abruña, H.D., Denisevich, P., Umaña, M., Meyer, T.J., Murray, R.W. Rectifying
interfaces using two-layer films of electrochemically polymerized vinylpyridine
and vinylbipyridine complexes of ruthenium and iron on electrodes. J. Am. Chem.
Soc. 1981, 103, 1–5.

14. Abruna, H.D., Bard, A.J. Electrogenerated chemiluminescence. 40. A
chemiluminescent polymer based on the tris(4-vinyl-4′-methyl-2,2′-
bipyridyl)Ru(II) system. J. Am. Chem. Soc. 1982, 104, 2641–2642.

508 Buda

Copyright © 2004 by Marcel Dekker, Inc.



15. Fan, F.-R-F., Mau, A., Bard, A.J. Electrogenerated chemiluminescence. A
chemiluminescent polymer based on poly(vinyl-9,10-diphenylanthracene). Chem.
Phys. Lett. 1985, 116, 400–404.

16. Richter, M.M., Fan, F-R.F., Klavetter, F., Heeger, A.J., Bard, A.J. Electrochemistry
and electrogenerated chemiluminescence of films of the conjugated polymer 4-
methoxy-(2-ethylhexoxyl)-2,5-polyphenylenevinylene. Chem. Phys. Lett. 1994,
226, 115–120.

17. Janakiraman, U., Dini, D., Preusser, A., Holmes, A.B., Martin, R.E., Doblhofer, K.
Electrochemiluminescence of conjugated polymer. Synth. Met. 2001, 121,
1685–1686.

18. Nambu, H., Hamaguchi, M., Yoshino, K. A comparative study of electrogenerated
chemiluminescence in poly(3-hexylthiophene) and poly(2-methoxy-5-dodecyloxy-p-
phenylenevinylene). J. Appl. Phys. 1997, 82, 1847–1852.

19. Hamaguchi, M., Nambu, H., Yoshino, K. Electrogenerated chemiluminescence
from poly(3-hexylthiophene). Jpn. J. Appl. Phys. Part 2. 1997, 36, L124–L126.

20. Buda, M., Gao, F.G., Pile, D., Bard, A.J., unpublished results.
21. Gurunathan, K., Murugan, A.V., Marimuthu, R., Mulik, U.P., Amalnerkar, D.P.

Electrochemically synthesised conducting polymeric materials for applications
towards technology in electronics, optoelectronics and energy storage devices.
Mater. Chem. Phys. 1999, 61, 173–191.

22. Jureviciute, I., Bruckenstein, S., Hillman, A.R. Counter-ion specific effects on
charge and solvent trapping in poly(vinylferrocene) films. J. Electroanal. Chem.
2000, 488, 73–81.

23. Mathias, M.F., Haas, O. Effect of counterion type on charge transport at redox
polymer-modified electrodes. J. Phys. Chem. 1993, 97, 9217–9225.

24. Forster, R.J., Vos, J.G. Ionic interactions and charge transport properties of
metallopolymer films on electrodes. Langmuir, 1994, 10, 4330–4338.

25. Zhang, X., Bard, A.J. Electrogenerated chemiluminescent emission from an
organized (L-B) monolayer of a Ru(bpy)3

2+-based surfactant on semiconductor and
metal electrodes. J. Phys. Chem. 1988, 92, 5566–5569.

26. Burin, A.L., Ratner, M.A. Exciton migration and cathode quenching in organic
light emitting diodes. J. Phys. Chem. A 2000, 104, 4704–4710.

27. Gaines Jr., G.L., Behnken, P.E., Valenty, S.J. Monolayer films of surfactant ester
derivatives of tris(2,2′-bipyridine)ruthenium(II)2+. J. Am. Chem. Soc. 1978, 100,
6549–6559.

28. Valenty, S.J., Behnken D.E., Gaines Jr., G.L. Preparation and monolayer properties
of surfactant tris (2,2′-bipyridine)ruthenium(II) derivatives. Inorg. Chem. 1979, 18,
2160–2164.

29. Sprintschnik, G., Sprintschnik, H.W., Kirsch, P.P., Whitten, D.G. Preparation and
photochemical reactivity of surfactant ruthenium(II) complexes in monolayer
assemblies and at water-solid interfaces. J. Am. Chem. Soc. 1977, 99, 4947–4954.

30. Ghosh, P.K., Spiro, T.G. Photoelectrochemistry of tris(bipyridyl) ruthenium(II)
covalently attached to n-type SnO2. J. Am. Chem. Soc. 1980, 102, 5543–5549.

31. Murakata, T., Miyashita, T., Matsuda, M. Formation of monolayer and multilayer

ECL Polymers and Devices 509

Copyright © 2004 by Marcel Dekker, Inc.



containing a ruthenium complex with no alkyl chain substituent. J. Phys. Chem.
1988, 92, 6040–6043.

32. Kalyanasundaram, K. Photophysics, photochemistry and solar energy conversion
with tris(bipyridyl) ruthenium(II) and its analogues. Coord. Chem. Rev. 1982, 46,
159–244.

33. Zhang, X., Bard, A.J. Electrogenerated chemiluminescent emission from an
organized (L-B) monolayer of a Ru(bpy)3

2+-based surfactant on semiconductor and
metal electrodes. J. Phys. Chem. 1988, 92, 5566–5569.

34. Obeng, Y.S., Bard, A.J. Electrogenerated chemiluminescence. 53.
Electrochemistry and emission from adsorbed monolayers of a
tris(bipyridyl)ruthenium(II)-based surfactant on gold and tin oxide electrodes.
Langmuir, 1991, 7, 195–201.

35. Sato, Y., Uosaki, K. Electrochemical and electrogenerated chemiluminescence
properties of tris(2,2′-bipyridine)ruthenium(II)-tridecanethiol derivative on ITO
and gold electrodes. J. Electroanal. Chem. 1995, 384, 57–66.

36. Miller, C.J., McCord, P., Bard, A.J. Study of Langmuir monolayers of ruthenium
complexes and their aggregation by electrogenerated chemiluminescence.
Langmuir, 1991, 7, 2781–2787.

37. Xu, X.-H., Bard, A.J. Electrogenerated chemiluminescence. 55. Emission from
adsorbed Ru(bpy)3

2+ on graphite, platinum, and gold. Langmuir, 1994, 10,
2409–2414.

38. Ikeda, N., Yoshimura, A., Tsushima, M., Ohno, T. Hopping and annihilation
of 3MLCT in the crystalline solid of [Ru(bpy)3]X2 (X = Cl–, ClO4

– and PF6
–).

J. Phys. Chem. A. 2000, 104, 6158–6164.
39. Rubinstein, I., Bard, A.J. Polymer films on electrodes. 4. Nafion-coated electrodes

and electrogenerated chemiluminescence of surface-attached Ru(bpy)3
2+. J. Am.

Chem. Soc. 1980, 102, 6641–6642.
40. Walcarius, A. Electrochemical applications of silica-based organic-inorganic

hybrid materials. Chem. Mater. 2001, 13, 3351–3372.
41. Sykora, M., Meyer, T.J. Electrogenerated chemiluminescence in SiO2 sol-gel

polymer composites. Chem. Mater. 1999, 11, 1186–1189.
42. Collinson, M.M., Martin, S.A. Solid-state electrogenerated chemiluminescence in

sol-gel derived monoliths. Chem. Commun. 1999, 899–900.
43. Collinson, M.M., Taussig, J., Martin, S.A. Solid-state electrogenerated

chemiluminescence from gel-entrapped ruthenium(II) tris(bipyridine) and
tripropylamine. Chem. Mater. 1999, 11, 2594–2599.

44. Khramov, A.N., Collinson, M.M. Electrogenerated chemiluminescence of tris(2,2′-
bipyridyl)ruthenium(II) ion-exchanged in Nafion-silica composite films. Anal.
Chem. 2000, 72, 2943–2948.

45. Collinson, M.M., Novak, B., Martin, S.A., Taussig, J.S. Electrochemiluminescence
of ruthenium(II) tris(bipyridine) encapsulated in sol-gel glasses. Anal. Chem. 2000,
72, 2914–2918.

46. Ghosh, P.K., Bard, A.J. Polymer films on electrodes. Part XV. The incorporation
of Ru(bpy)3

2+ into polymeric films generated by electrochemical polymerization of
2,2′-bipyrazine (bpz) and Ru(bpz)3

2+. J. Electroanal. Chem. 1984, 169, 113–128.

510 Buda

Copyright © 2004 by Marcel Dekker, Inc.



47. Majda, M., Faulkner, L.R. Luminescence as an indicator of electron exchange.
Dynamics in poly(styrenesulfonate) films containing tris(2,2′-bipyridine)ruthenium
complexes. J. Electroanal. Chem. 1984, 169, 97–112.

48. Downey, T.M., Nieman, T.A. Chemiluminescence detection using regenerable
tris(2,2′-bipyridyl)ruthenium(II) immobilized in Nafion. Anal. Chem. 1992, 64,
261–268.

49. Zhao, C.-Z., Egashira, N., Kurauchi, Y., Oga, K. Electrochemiluminescence sensor
having a Pt electrode coated with a Ru(bpy)3

2+-modified chitosan/silica gel
membrane. Anal. Sci. 1998, 14, 439–441.

50. Buttry, D.A., Anson, F.C. Electrochemical control of the luminescent lifetime of
Ru(bpy)3

2+* incorporated in Nafion films on graphite electrodes. J. Am. Chem.
Soc. 1982, 104, 4824–4829.

51. Rubinstein, I., Bard, A.J. Polymer films on electrodes. 5. Electrochemistry and
chemiluminescence at Nafion-coated electrodes. J. Am. Chem. Soc. 1981, 103,
5007–5013.

52. Anderson, L.B., Reilley, C.N. Thin-layer electrochemistry: use of twin working
electrodes for the study of chemical kinetics. J. Electroanal. Chem. 1965, 10,
538–552.

53. Faulkner, L.R., Bard, A.J. Electrogenerated chemiluminescence. I. Mechanism of
anthracene chemiluminescence in N,N-dimethylformamide solution. J. Am. Chem.
Soc. 1968, 90, 6284–6290.

54. Tang, C.W., VanSlyke, S.A. Organic electroluminescent diodes. Appl. Phys. Lett.
1987, 51, 913–915.

55. Yu, G., Heeger, A.J. High efficiency photonic devices made with semiconducting
polymers. Synth. Met. 1997, 85, 1183–1186.

56. Heeger, A.J. Light emission from semiconducting polymers: light-emitting diodes,
light-emitting electrochemical cells, lasers and white light for the future. Solid State
Commun. 1998, 107, 673–679.

57. Heeger, A.J., Diaz-Garcia, M.A. Semiconducting polymers as materials for
photonic devices. Curr. Opin. Solid State Mater. Sci. 1998, 3, 16–22.

58. deMello, J.C., Tessler, N., Graham, S.C., Li, X., Holmes, A.B., Friend, R.H. Ionic
space-charge assisted current injection in organic light emitting diodes. Synth. Met.
1997, 85, 1277–1278.

59. Adachi, C., Baldo, M.A., Thompson, M.E., Forrest, S.R. Nearly 100% internal
phosphorescence efficiency in an organic light emitting device. J. Appl. Phys.
2001, 90, 5048–5051.

60. Hong, T.-M., Meng, H.-F. Spin-dependent recombination and electroluminescence
quantum yield in conjugated polymers. Phys. Rev. B 2001, 63, 075206–1–075206–4.

61. Popovic, Z.D., Aziz, H. Reliability and degradation of small molecule-based organic
light-emitting devices (OLEDs). IEEE J. Selected Top. Quant. 2002, 8, 362–371.

62. Yang, C., He, G., Wang, R., Li, Y. Solid-state electrochemical investigation of
poly[2-methoxy, 5-(2′-ethylhexyloxy)-1,4-phenylenevinylene], J. Electroanal
Chem. 1999, 471, 32–36.

63. Laser, D., Bard, A.J. Electrogenerated chemiluminescence XXIII. On the operation
and lifetime of ECL devices. J. Electrochem. Soc. 1975, 122, 632–640.

ECL Polymers and Devices 511

Copyright © 2004 by Marcel Dekker, Inc.



64. Dunnett, J.S., Voinov, M. Reasons for the decay of the electrochemical
luminescence of rubrene dissolved in benzonitrile. J. Electroanal. Chem. 1978, 89,
181–189.

65. Brilmyer, G.H., Bard, A.J. Electrogenerated chemiluminescence XXXVI. The
production of direct current ECL in thin layer and flow cells. J. Electrochem. Soc.
1980, 127, 104–110.

66. Schaper, H., Köstlin, H., Schnedler, E. New aspects of D-C
electrochemiluminescence. J. Electrochem. Soc. 1982, 129, 1289–1294.

67. Orlik, M., Rosenmund, J., Doblhofer, K., Ertl, G. Electrochemical formation of
luminescent convective patterns in thin-layer cells. J. Phys. Chem. B 1998, 102,
1397–1403.

68. Orlik, M., Doblhofer, K., Ertl, G. On the mechanism of electrohydrodynamic
convection in thin-layer electrolytic cells. J. Phys. Chem. B 1998, 102, 6367–6374.

69. Orlik, M. On the onset of self-organizing electrohydrodynamic convection in the
thin-layer electrolytic cells. J. Phys. Chem. B 1999, 103, 6629–6642.

70. Chang, S.-C., Yang, Y., Pei, Q. Polymer solution light-emitting devices. Appl.
Phys. Lett. 1999, 74, 2081–2083.

71. Chang, S.-C., Yang, Y. Polymer gel light-emitting devices. Appl. Phys. Lett. 1999,
75, 2713–2715.

72. Chang, S.-C., Li, Y., Yang, Y. Electrogenerated chemiluminescence mechanism of
polymer solution light-emitting devices. J. Phys. Chem. B 2000, 104,
11650–11655.

73. Edel, J.B., deMello, A.J., deMello, J.C. Solution-phase electroluminescence. Chem.
Commun. 2002, 1954–1955.

74. Wenzl, F.P., Holzer, L., Tasch, S., Scherf, U., Müllen, K., Winkler, B.,
Mau, A.W.H., Dai, L., Leising, G. Turn on behavior of light emitting
electrochemical cells. Synth. Met. 1999, 102, 1138–1139.

75. Cui, J., Wang, A., Edleman, N.L., Ni, J., Lee, P. Armstrong, N.R., Marks, T.J.
Indium tin oxide alternatives—high work function transparent conducting oxides as
anodes for organic light-emitting diodes. Adv. Mater. 2001, 13, 1476–1480.

76. Marks, T.J., Veinot, J.G.C., Cui, J., Yan, H., Wang, A., Edleman, N.L., Ni, J.,
Huang, Q., Lee, P., Armstrong, N.R. Progress in high work function TCO OLED
anode alternatives and OLED nanopixelation. Synth. Met. 2002, 127, 29–35.

77. Schlaf, R., Murata, H., Kafafi, Z.H. Work function measurements on indium tin
oxide films. J. Electron Spectrosc. Relat. Phenom. 2001, 120, 149–154.

78. Kugler, T., Johansson, Å., Dalsegg, I., Gelius, U., Salaneck, W.R. Elec-
tronic and chemical structure of conjugated polymer surfaces and interfaces: ap-
plications in polymer-based light-emitting devices. Synth. Met. 1997,
91, 143–146.

79. Liau, Y.-H., Scherer, N.F., Rhodes, K. Nanoscale electrical conductivity and surface
spectroscopic studies of indium-tin oxide. J. Phys. Chem. B 2001, 105, 3282–3288.

80. Liu, C., Bard, A.J. Individually addressable submicron scale light-emitting devices
based on electroluminescence of solid Ru(bpy)3(ClO4)2 films. J. Am. Chem. Soc.
2002, 124, 4190–4191.

512 Buda

Copyright © 2004 by Marcel Dekker, Inc.



81. Pei, Q., Yang, Y. Efficient photoluminescence and electroluminescence from a
soluble polyfluorene. J. Am. Chem. Soc. 1996, 118, 7416–7417.

82. Stephan, O., Collomb, V., Vial, J-C., Armand, M. Blue-green light-emitting diodes
and electrochemical cells based on a copolymer derived from fluorene. Synth. Met.
2000, 113, 257–262.

83. Yang, Y., Pei, Q. Efficient blue-green and white light-emitting electrochemical
cells based on poly[9,9-bis(3,6-dioxaheptyl)-fluorene–2,7-diyl]. J. Appl. Phys.
1997, 81, 3294–3298.

84. Holzer, L., Winkler, B., Wenzl, F.P., Tasch, S., Dai, L., Mau, A.W.H., Leising, G.
Light-emitting electrochemical cells and light-emitting diodes based on ionic
conductive poly phenylene vinylene: a new chemical sensor system. Synth. Met.
1999, 100, 71–77.

85. Carvalho, L.M., Santos, L.F., Guimarães, F.E.G., Gonçalves, D., Gomes, A.S.,
Faria, R.F. Morphology of 2,5-disubstituted poly(p-phenylene-vinylene) with
oligo(ethylene oxide) side chains/PEO-salt blends. Synth. Met. 2001, 119,
361–362.

86. Santos, L.F., Carvalho, L.M., Guimarães, F.E.G., Gonçalves, D., Faria, R.F.
Electrical and optical properties of light emitting electrochemical cells using MEH-
PPV/PEO:lithium salt blends. Synth. Met. 2001, 121, 1697–1698.

87. Yang, C.Y., Hide, F., Heeger, A.J., Cao, Y. Nanostructured polymer blends: novel
materials with enhanced optical and electrical characteristics. Synth. Met. 1997, 84,
895–896.

88. Yang, C., He, G., Sun, Q., Li, Y. Polymer light-emitting electrochemical cells with
1-methoxy-4-(2-ethylhexyloxy)benzene as salt carrier. Synth. Met. 2001, 124,
449–453.

89. Wenzla, F.P., Pachlera, P., Lista, E.J.W., Somitsch, D., Knoll, P., Patil, S.,
Guentner, R., Scherf, U., Leising, G. Self-absorption effects in a LEC with low
Stokes shift. Physica E 2002, 13, 1251–1254.

90. Shiratori, S. A quick operating organic EL device using Ru complex light-emitting
layer with 2,5-bis(4-tert-butyl-2-benzoxazolyl)thiophene electron transport layer.
Mater Sci. Eng. B 2001, 85, 149–153.

91. Rudmann, H., Rubner, M.F. Single layer light-emitting devices with high
efficiency and long lifetime based on tris(2,2′-bipyridyl)ruthenium(II)
hexafluorophosphate. J. Appl. Phys. 2001, 90, 4338–4345.

92. Maness, K.M., Terrill, R.H., Meyer, T.J., Murray, R.W., Wightman, R.M.
Solid-state diode-like chemiluminescence based on serial, immobilized
concentration gradients in mixed-valent poly[Ru(vbpy)3](PF6)2 films.
J. Am. Chem. Soc. 1996, 118, 10609–10616.

93. Maness, K.M., Masui, H., Wightman, R.M., Murray, R.W. Solid state
electrochemically generated luminescence based on serial frozen concentration
gradients of RuIII/II and RuII/I couples in a molten ruthenium 2,2′-bipyridine
complex. J. Am. Chem. Soc. 1997, 119, 3987–3993.

94. Gao, J., Yu, G., Heeger, A.J. Polymer light-emitting electrochemical cells with
frozen p-i-n junction. Appl. Phys. Lett. 1977, 71, 1293–1295.

ECL Polymers and Devices 513

Copyright © 2004 by Marcel Dekker, Inc.



95. Gao, J., Li, Y., Yu, G., Heeger, A.J. Polymer light-emitting electrochemical cells
with frozen junctions. J. Appl. Phys. 1999, 86, 4594–4599.

96. Aziz, H., Popovic, Z.D., Hu, N.-X., Hor, A.-M., Gu Xu. Degradation mechanism of
small molecule-based organic light-emitting devices. Science. 1999, 283,
1900–1902.

97. Sheats, J.R., Roitman, D.B. Failure modes in polymer-based light-emitting diodes.
Synth. Met. 1998, 95, 79–85.

98. Sato, Y., Ichinosawa, S., Kanai, H. Operation characteristics and degradation
of organic electroluminescent devices. IEEE J. Sel. Top. Quant. 1998, 4,
40–48.

99. Shen, J., Wang, D., Langlois, E., Barrow, W.A., Green, P.J., Tang, C.W., Shi, J.
Degradation mechanisms in organic light emitting diodes. Synth. Met. 2000,
111–112, 233–236.

100. Popovic, Z.D., Aziz, H., Ioannidis, A., Hu, N.-X., dos Anjos, P.N.M. Time-
resolved fluorescence studies of degradation in tris(8-hydroxyquinoline)aluminum
(AlQ3)-based organic light emitting devices (OLEDs). Synth. Met. 2001, 123,
179–181.

101. Schaer, M., Nüesch, F., Berner, D., Leo, W., Zuppiroli, L. Water vapor and oxygen
degradation mechanisms in organic light emitting diodes. Adv. Funct. Mater. 2001,
11, 116–121.

102. Kervella, Y., Armand, M., Stéphan, O. Organic light-emitting electrochemical cells
based on polyfluorene. Investigation of the failure modes. J. Electrochem. Soc.
2001, 148, H155–H160.

103. Kalyuzhny, G., Buda, M., McNeill, J., Barbara, P., Bard, A.J. Stability of thin-film
solid-state electroluminescent devices based on tris(2,2′-bipyridine)ruthenium(II)
complexes. J. Am. Chem. Soc. 2003, 125, 6272–6283,.

104. Bernhard, S., Barron, J.A., Houston, P.L., Abruña, H.D., Ruglovksy, J.L.,
Gao, X., Malliaras, G.G. Electroluminescence in ruthenium(II) complexes.
J. Am. Chem. Soc. 2002, 124, 13624–13628.

105. Dahms, H. Electronic conduction in aqueous solution. J. Phys. Chem. 1968, 72,
362–364.

106. Ruff, I., Friedrich, V.J. Transfer diffusion. I. Theoretical. J. Phys. Chem. 1971, 75,
3297–3302.

107. Ruff, I., Friedrich, V.J., Demeter, K., Csillag, K. Transfer diffusion. II. Kinetics of
electron exchange reaction between ferrocene and ferricinium ion in alcohols. J.
Phys. Chem. 1971, 75, 3303–3309.

108. Buttry, D.A., Anson, F.C. Electron hopping vs. molecular diffusion as charge
transfer mechanisms in redox polymer films. J. Electroanal. Chem. 1981, 130,
333–338.

109. Pickup, P.G., Kutner, W., Leidner, C.R., Murray, R.W. Redox conduction in single
and bilayer films of redox polymer. J. Am. Chem. Soc. 1984, 106, 1991–1998.

110. Laviron, E. A multilayer model for the study of space distributed redox modified
electrodes. Part I. Description and discussion of the model. J. Electroanal Chem.
1980, 112, 1–9.

514 Buda

Copyright © 2004 by Marcel Dekker, Inc.



111. Andrieux, C.P., Savéant, J.M. Electron transfer through redox polymer films. J.
Electroanal Chem. l980, lll, 377–381.

112. Laviron, E., Roullier, L., Degrand, C. A multilayer model for the study of space
distributed redox modified electrodes. Part II. Theory and application of linear
potential sweep voltammetry for a simple reaction. J. Electroanal Chem. 1980, 112,
11–23.

113. Chidsey, C.E.D., Murray, R.W. Electroactive polymers and macromolecular
electronics. Science. 1986, 231, 25–31.

114. Chidsey, C.E.D., Murray, R.W. Redox capacity and direct current electron
conductivity in electroactive materials. J. Phys. Chem. 1986, 90, 1479–1484.

115. Savéant, J.M. Electron hopping between fixed sites. Equivalent diffusion and
migration laws. J. Electroanal. Chem. 1986, 201, 211–213.

116. Baldy, C.J., Elliott C.M., Feldberg, S.W. Electron hopping in immobilized
polyvalent and/or multicouple redox systems. J. Electroanal. Chem. 1990, 283,
53–65.

117. Mohan L.S., Sangaranarayanan, M.V. A generalised diffusion-migration equation
for long distance electron hopping between redox centres. J. Electroanal. Chem.
1992, 323, 375–379.

118. Chandrasekar, S. Stochastic problems in physics and astronomy. Rev. Mod Phys.
1943, 15, 1–89.

119. Fritsch-Faules, I., Faulkner, L.R. A microscopic model for diffusion of electrons by
successive hopping among redox centers in networks. J. Electroanal. Chem. 1989,
263, 237–255.

120. Blauch, D.N., Savéant, J.-M. Effects of long-range electron transfer on charge
transport in static assemblies of redox centers. J. Phys. Chem. 1993, 97, 6444–6448.

121. Masui, H., Murray, R.W. Room-temperature molten salts of ruthenium
tris(bipyridine). Inorg. Chem. 1997, 36, 5118–5126.

122. Savéant, J.-M. Electron hopping between localized sites. Coupling with
electroinactive counterion transport. J. Phys. Chem. 1988, 92, 1011–1013.

123. Savéant, J.-M. Effect of ion pairing on the mechanism and rate of electron transfer.
Electrochemical aspects. J. Phys. Chem. B. 2001, 105, 8995–9001.

124. Umamaheswari, J., Sangaranarayanan, M.V. Charge transport through
chemically modified electrodes: a general analysis for ion exchange and 
covalently attached redox polymers. J. Phys. Chem. B 1999, 103, 5687– 
5697.

125. Umamaheswari, J., Sangaranarayanan, M.V. Nonequilibrium thermodynamics
formalism for charge transport in redox polymer electrodes. J. Phys. Chem. B,
2001, 105, 2465–2473.

126. Terrill, R.H., Murray, R.W. Electron hopping transport in electrochemically active,
molecular mixed valent materials. Mol. Electron. 1997, 215–239.

127. Daum P., Murray, R.W. Charge-transfer diffusion rates and activity relationships
during oxidation and reduction of plasma-polymerized vinylferrocene films.
J. Phys. Chem. 1981, 85, 389–396.

128. Dalton, E.F., Surridge, N.A., Jernigan, J.C., Wilbourn, K.O., Facci, J.S.,

ECL Polymers and Devices 515

Copyright © 2004 by Marcel Dekker, Inc.



Murray, R.W. Charge transport in electroactive polymers consisting of fixed
molecular redox sites. Chem. Phys. 1990, 141, 143–157.

129. Kaneko, M. Charge transport in solid polymer matrixes with redox centers.
Prog. Polym. Sci. 2000, 26, 1101–1137.

130. Blauch, D.N., Savéant, J.-M. Dynamics of electron hopping in assemblies of redox
centers. Percolation and diffusion. J. Am. Chem. Soc. 1992, 114, 3323–3332.

131. Savéant, J.-M. Electron hopping between localized sites. Effect of ion pairing
on diffusion and migration. General rate laws and steady-state responses.
J. Phys. Chem. 1988, 92, 4526–4532.

132. Savéant, J.-M. Electron hopping between fixed sites. “Diffusion” and “migration”
in counter-ion conservative redox membranes at steady state. J. Electroanal. Chem.
1988, 242, 1–21.

133. Buck, R.P. Coupled electron hopping-anion displacement in plane sheet fixed-site
polymer membranes. J. Electroanal. Chem. 1989, 258, 1–12.

134. Forster, R.J., Keyes, T.E., Majda, M. Homogeneous and heterogeneous electron
transfer dynamics of osmium-containing monolayers at the air/water interface.
J. Phys. Chem. B, 2000, 104, 4425–4432.

135. Prigodin, V.N., Epstein, A.J. Nature of insulator-metal transition and novel
mechanism of charge transport in the metallic state of highly doped electronic
polymers. Synth. Met. 2002, 125, 43–53.

136. Baldo, M.A., Forrest, S.R. Interface-limited injection in amorphous organic
semiconductors. Phys. Rev. B, 2001, 64, 085201-1–085201-17.

137. Cornil, J., Beljonne, D., Calbert, J.-P., Brédas, J.-L. Interchain interactions in
π-conjugated materials: impact on electronic structure, optical response and charge
transport. Adv. Mater. 2001, 13, 1053–1067.

138. Soos, Z.G., Bao, S., Sin, J.M., Hayden, G.W. Compensation temperature in
molecularly doped polymers. Chem. Phys. Lett. 2000, 319, 631–638.

139. Dimitrakopoulos, C.D., Malenfant, P.R.L. Organic thin film transistors for large
area electronics. Adv. Mater. 2002, 14, 99–117.

140. Zhu, S.S., Kingsborough R.P., Swager, T.M. Conducting redox polymers:
investigations of polythiophene–Ru(bpy)3

n+ hybrid materials. J. Mater. Chem.
1999, 9, 2123–2131, and references therein.

141. Walters, K.A., Trouillet, L., Guillerez S., Schanze, K.S. Photophysics and elec-
tron transfer in poly(3-octylthiophene) alternating with Ru(II)- and Os(II)-
bipyridine complexes. Inorg. Chem. 2000, 39, 5496–5509.

142. Tarascon, J.-M., Armand, M. Issues and challenges facing rechargeable lithium
batteries. Nature, 2001, 414, 359–367.

143. Riess, I. Polymeric mixed ionic electronic conductors. Solid State Ionics, 2000,
136–137, 1119–1130.

144. Yang, C., He, G., Wang, R., Li, Y. Solid-state electrochemical investigation of
poly[2-methoxy,5-(2′-ethyl-hexyloxy)–1,4-phenylene vinylene]. J. Electroanal.
Chem. 1999, 471, 32–36.

145. Herring, C., Nichols, M.H. Thermionic emission. Rev. Mod Phys. 1949, 21,
185–271.

516 Buda

Copyright © 2004 by Marcel Dekker, Inc.



146. Ishii, H., Sugiyama, K., Ito, E., Seki, K. Energy level alignment and interfacial
electronic structures at organic/metal and organic/organic interfaces. Adv. Mater.
1999, 11, 605–625.

147. Reiss, H. The Fermi level and the redox potential. J. Electrochem. Soc. 1985, 89,
3783–3791.

148. Reiss, H. The absolute electrode potential. Tying the loose ends. J. Electrochem.
Soc. 1988, 135, 247C–258C.

149. Hill, I.G., Rajagopal, A., Kahn, A. Molecular level alignment at organic
semiconductor-metal interfaces. Appl. Phys. Lett. 1998, 73, 662–664.

150. Rajagopal, A., Wu, C.I., Kahn, A. Energy level offset at organic semiconductor
heterojunctions. J. Appl. Phys. 1998, 83, 2649–2655.

151. Berleb, S., Brütting, W., Paasch, G. Interfacial charges in organic hetero-layer light
emitting diodes probed by capacitance-voltage measurements. Synth. Met. 2001,
122, 37–39.

152. Seki, K., Ito, E., Ishii, H. Energy level alignment at organic/metal interfaces studied
by UV photoemission. Synth. Met. 1997, 91, 137–142.

153. Ishii, H., Seki, K. Energy level alignment at organic/metal interfaces studied
by UV photoemission: breakdown of traditional assumption of a common
vacuum level at the interface. IEEE Trans. Electron Devices, 1997, 44, 1295–1301.

154. Hill, I.G., Milliron, D., Schwartz, J., Kahn, A. Organic semiconductor interfaces:
electronic structure and transport properties. Appl. Surf. Sci. 2000, 166, 354–362.

155. Lee, S.T., Hou, X.Y., Mason, M.G., Tang, C.W. Energy level alignment at
Alq/metal interfaces. Appl. Phys. Lett. 1998, 72, 1593–1595.

156. Lee, S.T., Wang, Y.M. Hou, X.Y., Tang, C.W. Interfacial electronic structures in
an organic light-emitting diode. Appl. Phys. Lett. 1999, 74, 670–672.

157. Gao, Y. Surface analytical studies of interface formation in organic light-emitting
devices. Acc. Chem. Res. 1999, 32, 247–255.

158. Bardeen, J. Surface states and rectification at a metal semiconductor contact. Phys.
Rev. 1947, 71, 717–727.

159. Tung, R.T. Schottky barrier height. J. Vac. Sci. Technol. B, 1993, 11, 1546–1552.
160. Tung, R.T. Formation of an electric dipole at metal-semiconductor interfaces. Phys.

Rev. B, 2001, 64, 205310-1–205310-15.
161. Tung, R.T. Recent advances in Schottky barrier concepts. Mater. Sci. Eng. Rep.

2001, 35, 1–238.
162. O’M, J., Bockris, M., Devanathan, A., Müller, K. On the structure of charged

interfaces. Proc. Roy. Soc. Lond. A, 1963, 274, 55–79.
163. Trasatti, S. Physical, chemical and structural aspects of the electrode/solution

interface. Electrochim. Acta, 1983, 28, 1083–1093.
164. Guidelli, R., Schmickler, W. Recent developments in models for the interface between

a metal and an aqueous solution. Electrochim. Acta, 2000, 45, 2317–2338.
165. Ritchie, I.M., Bailey, S., Woods, R. The metal-solution interface. Adv. Colloid

Interface Sci. 1999, 80, 183–231.
166. Zimmermann, R., Dukhin, S., Werner, C. Electrokinetic measurements reveal

interfacial charge at polymer films caused by simple electrolyte ions. J. Phys.
Chem. B, 2001, 105, 8544–8549.

ECL Polymers and Devices 517

Copyright © 2004 by Marcel Dekker, Inc.



167. Armstrong, R.D., Horrocks, B.R. The double layer structure at the metal-solid
electrolyte interface. Solid State Ionics, 1997, 94, 181–187.

168. Horrocks B.R., Armstrong, R.D. Discreteness of charge effects on the double layer
structure at the metal/solid electrolyte interface. J. Phys. Chem. B, 1999, 103,
11332–11338.

169. Ouisse, T., Stéphan, O., Armand, M., Leprêtre, J.-C. Double-layer formation
in organic light-emitting electrochemical cells. J. Appl. Phys. 2002, 92, 2795–2802.

170. Vincent, C.A. Ion transport in polymer electrolytes. Electrochim. Acta, 1995, 40,
2035–2040.

171. Schmickler, W. Electronic effects in the electric double layer. Chem. Rev., 1996,
96, 3177–3200.

172. Schmickler, W. Recent progress in theoretical electrochemistry. Annu. Rep. Prog.
Chem. C, 1999, 95, 117–161.

173. Feldberg, S.W. On the dilemma of the use of the electroneutrality constraint in
electrochemical calculations. Electrochem. Commun. 2000, 2, 453–456.

174. Johansson, T., Mammo, W., Andersson, M.R., Inganäs, O. Light-emitting
electrochemical cells from oligo(ethylene oxide)-substituted polythiophenes:
evidence for in situ doping. Chem. Mater. 1999, 11, 3133–3139.

175. Gao, J., Heeger, A.J., Campbell, I.H., Smith, D.L. Direct observation of junction
formation in polymer light-emitting electrochemical cells. Phys. Rev. B, 1999, 59,
R2482–R2485.

176. Fowler, R.H., Nordheim, L. Electron emission in intense electric fields. Proc. Roy.
Soc. Lord A, 1928, 119, 173–181.

177. deMello, J.C., Tessler, N., Graham, S.C., Friend, R.H. Ionic space-charge effects in
polymer light-emitting diodes. Phys. Rev. B, 1998, 57, 12951–12963.

178. Buda, M., Bard, A.J. Charge injection into light emitting devices based on tris(2,2′-
bipyridine)ruthenium(II) and derivatives. to be published.

179. deMello, J.C., Halls, J.J.M., Graham, S.C., Tessler N., Friend, R.H. Electric field
distribution in polymer light-emitting electrochemical cells. Phys. Rev. Lett. 2000,
85, 421–424.

180. Holzer, L., Wenzl, F.P., Sotgiu, R., Gritsch, M., Tasch, S., Hutter, H., Sampietro,
M., Leising, G. Charge distribution in light emitting electrochemical cells. Synth.
Met. 1999, 102, 1022–1023.

181. Gritsch, M., Hutter, H., Holzer, L., Tasch, S. Local ion distribution inhomogeneities
in polymer based light emitting cells. Mikrochim. Acta, 2000, 135, 131–137.

182. Moderegger, E., Wenzl, F.P., Tasch, S., Leising, G., Scherf, U., Annan, K.O.
Comparison of the internal field distribution in light-emitting diodes and
light-emitting electrochemical cells. Adv. Mater. 2002, 12, 825–827.

183. Bumm, L.A., Arnold, J.J., Dunbar, T.D., Allara D.L., Weiss, P.S. Electron transfer
through organic molecules. J. Phys. Chem. B, 1999, 103, 8122–8127.

184. Fan, F.-R.F., Yang, J., Cai, L., Price Jr., D.W., Dirk, S.M., Kosynkin, D.V.,
Yao, Y., Rawlett, A.M. Tour, J.M., Bard, A.J. Charge transport through
self-assembled monolayers of compounds of interest in molecular electronics.
J. Am. Chem. Soc. 2002, 124, 5550–5560.

518 Buda

Copyright © 2004 by Marcel Dekker, Inc.



185. Smith, D.L. Steady state model for polymer light-emitting electrochemical cells. J.
Appl. Phys. 1997, 81, 2869–2880.

186. Manzanares, J.A. Reiss, H., Heeger, A.J. Polymer light-emitting electrochemical
cells: a theoretical study of junction formation under steady-state conditions.
J. Phys. Chem. B, 1998, 102, 4327–4336.

187. Campbell, I.H., Smith, D.L., Neef, C.J., Ferraris, J.P. Capacitance measurements of
junction formation and structure in polymer light-emitting electrochemical cells.
Appl. Phys. Lett. 1998, 72, 2565–2567.

188. Yu, G., Cao, Y., Zhang, C., Li, Y., Gao, J., Heeger, A.J. Complex admittance
measurements of polymer light-emitting electrochemical cells: ionic and electronic
contributions. Appl. Phys. Lett. 1998, 73, 111–113.

189. Li, Y., Gao, J., Yu, G., Cao, Y., Heeger, A.J. AC impedance of polymer
light-emitting electrochemical cells and light-emitting diodes: a comparative study.
Chem. Phys. Lett. 1998, 287, 83–88.

190. Li, Y., Gao, J., Wang, D., Yu, G., Cao, Y., Heeger. A.J. A.C. impedance of frozen
junction polymer light-emitting electrochemical cells. Synth. Met. 1998, 191–194.

191. Chang, S.-C., Yang, Y., Wudl, F., He, G., Li, Y. AC impedance characteristics and
modeling of polymer solution light-emitting devices. J. Phys. Chem. B, 2001, 105,
11419–11423.

192. Schaper, H., Schnedler, E. On the charge distribution in thin-layer under
electrostatic conditions. Application to electrolyte-free electrochemiluminescence.
J. Electroanal. Chem. 1982, 137, 39–49.

193. Riess, I., Cahen, D. Analysis of light emitting polymer electrochemical cells.
J. Appl. Phys. 1997, 82, 3147–3151.

194. Fawcett, W.R., Henderson, D.J. A simple model for the diffuse double layer based
on a generalized mean spherical approximation. J. Phys. Chem. B, 2000, 104,
6837–6842.

195. Kuo, Y.-C., Hsu, J.-P. Double-layer properties of an ion-penetrable charged
membrane: effect of sizes of charged species. J. Phys. Chem. B, 1999, 103,
9743–9748.

196. Borukhov I., Andelman, D. Steric effects in electrolytes: a modified
Poisson-Boltzmann equation. Phys. Rev. Lett. 1997, 79, 435–438.

197. Lee, J.-Ik, Hwang, D.-H., Park, H., Do, L.-M., Chu, H.Y., Zyung, T.,
Miller, R.D. Light-emitting electrochemical cells based on poly(9,9-bis(3,6-
dioxaheptyl)-fluorene-2,7-diyl). Synth. Met. 2000, 111, 195–197.

198. Panozzo, S., Armand, M., Stéphan, O. Light-emitting electrochemical cells using a
molten delocalized salt. Appl. Phys. Lett. 2002, 80, 679–681.

199. Pei, Q., Yu, G., Zhang, C., Yang, Y., Heeger, A.J. Polymer light-emitting
electrochemical cells. Science, 1995, 269, 1086–1088.

200. Pei, Q., Yang, Y. Solid-state polymer light-emitting electrochemical cells. Synth.
Met. 1996, 80, 131–136.

201. Pei, Q., Yang, Y., Yu, G., Zhang, C., Heeger, A.J. Polymer light-emitting
electrochemical cells: in situ formation of a light-emitting p-n junction. J. Am.
Chem. Soc. 1996, 118, 3922–3929.

ECL Polymers and Devices 519

Copyright © 2004 by Marcel Dekker, Inc.



202. Yang, Y., Pei, Q. Voltage controlled two color light-emitting electrochemical cells.
Appl. Phys. Lett. 1996, 68, 2708–2710.

203. Majima, Y., Hiraoka, T., Takami, N., Hayase, S. Novel approach for
hole-blocking in light-emitting electrochemical cells. Synth. Met. 1997,
91, 87–89.

204. Cao, Y., Yu, G., Heeger, A.J., Yang, C.Y. Efficient, fast response light-emitting
electrochemical cells: electroluminescent and solid electrolyte polymers with
interpenetrating network morphology. Appl. Phys. Lett. 1996, 68, 3218–3220.

205. Yin, C., Zhao, Y., Yang, C., Zhang, S. Single-ion transport light-emitting
electrochemical cells: designation and analysis of the fast transient light-emitting
responses. Chem. Mater. 2000, 12, 1853–1856.

206. Cao, Y., Pei, Q., Andersson, M.R., Yu, G., Heeger, A.J. Light emitting
electrochemical cells with crown ether as solid electrolyte. J. Electrochem. Soc.
1997, 144, L317-L320.

207. Lee, T.-W., Lee, H.-C., Ok Park, O. High-efficiency polymer light-emitting devices
using organic salts: a multilayer structure to improve light-emitting electrochemical
cells. Appl. Phys. Lett. 2002, 81, 214–216.

208. Lee, T.-W., Ok Park, O. Polymer light-emitting energy-well devices using single-
ion conductors. Adv. Mater. 2001, 13, 1274–1278.

209. Yu, G., Cao, Y., Andersson, M., Gao, J., Heeger, A.J. Polymer light-emitting
electrochemical cells with frozen p-i-n junction at room temperature. Adv. Mater,
1998, 10, 385–388.

210. Holzer, L., Wenzl, F.P., Tasch, S., Leising, G., Winkler, B., Dai, L., Mau, A.W.H.
Ionochromism in a light-emitting electrochemical cell with low response time based
on an ionic conductive poly-phenylene vinylene. Appl. Phys. Lett. 1999, 75,
2014–2016.

211. Tasch, S., Holzer, L., Wenzl, F.P., Gao, J., Winkler, B., Dai, L., Mau, A.W.H.,
Sotgiu, R., Sampietro, M., Scherf, U., Müllen, K., Heeger, A.J., Leising, G. Light-
emitting electrochemical cells with microsecond response times based
on PPPs and novel PPVs. Synth. Met. 1999, 102, 1046–1049.

212. Morgado, J., Cacialli, F., Friend, R.H., Chuah, B.S., Moratti, S.C., Holmes, A.B.
Luminescence properties of PPV-based copolymers with crown ether substituents.
Synth. Met. 2000, 111–112, 449–452.

213. Morgado, J., Friend, R.H., Cacialli, F., Chuah, B.S., Rost, H., Moratti, S.C., Holmes,
A.B. Light-emitting electrochemical cells based on poly(p-phenylene vinylene)
copolymers with ion-transporting side groups. Synth. Met. 2001, 122, 111–213.

214. Morgado, J., Cacialli, F., Friend, R.H., Chuah, B.S., Rost, H., Holmes, A.B.
Light-emitting devices based on a poly(p-phenylenevinylene) statistical
copolymer with oligo(ethylene oxide) side groups. Macromolecules 2001, 34,
3094–3099.

215. Morgado, J., Cacialli, F., Friend, R.H., Chuah, B.S., Rost, H., Moratti, S.C.,
Holmes, A.B. Luminescence properties of a PPV-based statistical copolymer
with glyme-like side groups. Synth. Met. 2001, 119, 595–596.

216. Sun, Q., Wang, H., Yang, C., He, G., Li, Y. Blue-green light-emission LECs based
on block copolymers containing di(α-naphthalene vinylene)benzene chromophores
and tri(ethylene oxide) spacers. Synth. Met. 2002, 128, 161–165.

520 Buda

Copyright © 2004 by Marcel Dekker, Inc.



217. Wang, H., Wang, X., Liu, D. Design and synthesis of novel luminescent
copolymers containing ionic conductive blocks on the skeletons. Synth. Met. 2002,
126, 219–223.

218. Tasch, S., Gao, J., Wenzl, F.P., Holzer, L., Leising, G., Heeger, A.J., Scherf, U.,
Müllen, K. Blue and green light-emitting electrochemical cells with microsecond
response times. Electrochem. Solid State Lett. 1999, 2, 303–305.

219. Wenzl, F.P., Pachler, P., Tasch, S., Somitsch, D., Knoll, P., Scherf, U.,
Annan, K.O., Leising, G. Ion dissociation in crown ether based wide gap
LECs. Synth. Met. 2001, 121, 1735–1736.

220. Yang, Y., Pei, Q. Light-emitting electrochemical cells from a blend of p and
n-type luminescent conjugated polymers. Appl. Phys. Lett. 1997, 70, 1926–1928.

221. Lee, J.-K., Yoo, D., Rubner, M.F. Synthesis and characterization of an
electroluminescent polyester containing the Ru(II) complex. Chem. Mater. 1997, 9,
1710–1712.

222. Wu, A., Yoo, D., Lee, J.-K., Rubner, M.F. Solid-state light-emitting devices based
on the tris-chelated ruthenium(II) complex: 3. High efficiency devices
via a layer-by-layer molecular-level blending approach. J. Am. Chem. Soc.
1999, 121, 4883–4891.

223. Wu, A., Lee, J., Rubner, M.F. Light emitting electrochemical devices from
sequentially adsorbed multilayers of a polymeric ruthenium(II) complex and
various polyanions. Thin Solid Films 1998, 327–329, 663–667.

224. Elliott, C.M., Pichot, F., Bloom, C.J., Rider, L.S. Highly efficient solid-state
electrochemically generated chemiluminescence from ester-substituted
trisbipyridineruthenium(II)-based polymers. J. Am. Chem. Soc. 1998, 120,
6781–6784.

225. Greenwald, Y., Hide, F., Heeger, A.J. The electrochemistry of poly(3-
octylthiophene) based light emitting electrochemical cells. J. Electrochem.
Soc. 1997, 144, L241–L243.

226. Lee, J.-K., Yoo, D.S., Handy, E.S., Rubner, M.F. Thin film light emitting
devices from an electroluminescent ruthenium complex. Appl. Phys. Lett.
1996, 69, 1686–1688.

227. Lyons, C.H., Abbas, E.D., Lee, J.-K., Rubner, M.F. Solid-state light-emitting
devices based on the trischelated ruthenium(II) complex. 1. Thin film blends
with poly(ethylene oxide). J. Am. Chem. Soc. 1998, 120, 12100–12107.

228. Handy, E.S., Pal, A.J., Rubner, M.F. Solid-state light-emitting devices based
on the tris-chelated ruthenium(II) complex. 2. Tris(bipyridyl)ruthenium(II) as
a high-brightness emitter. J. Am. Chem. Soc. 1999, 121, 3525–3528.

229. Gao, F.G., Bard, A.J. Solid-state organic light-emitting diodes based on tris(2,2′-
bipyridine)ruthenium(II) complexes. J. Am. Chem. Soc. 2000, 122, 7426–7427.

230. Gao, F.G., Bard, A.J. High-brightness and low-voltage light-emitting devices based
on trischelated ruthenium(II) and tris(2,2′-bipyridine)osmium(II) emitter layers and
low melting point alloy cathode contacts. Chem. Mater. 2002, 14, 3465–3470.

231. Buda, M., Kalyuzhny, G., Bard, A.J. Thin-film solid-state electroluminescent
devices based on tris(2,2′-bipyridine)ruthenium(II) complexes. J. Am. Chem. Soc.
2002, 124, 6090–6098.

232. Rudmann, H., Shimada, S., Rubner, M.F. Solid-state light-emitting devices based

ECL Polymers and Devices 521

Copyright © 2004 by Marcel Dekker, Inc.



on the tris-chelated ruthenium(II) complex. 4. High-efficiency light-emitting
devices based on derivatives of the tris(2,2′-bipyridyl)ruthenium(II) complex.
J. Am. Chem. Soc. 2002, 124, 4918–4921.

233. Rudmann, H., Rubner, M.F. Single layer light-emitting devices with high
efficiency and long lifetime based on tris(2,2′ bipyridyl)ruthenium(II)
hexafluorophosphate. J. Appl. Phys. 2001, 90, 4338–4345.

234. Gong, X., Ng, P.K., Chan, W.K. Trifunctional light-emitting molecules based on
rhenium and ruthenium bipyridine complexes. Adv. Mater. 1998, 10, 1337–1340.

235. Chan, W.K., Ng, Po K., Gong, X., Hou, S. Light-emitting multifunctional
rhenium(I) and ruthenium(II) 2,2′-bipyridyl complexes with bipolar character.
Appl. Phys. Lett. 1999, 75, 3920–3922.

236. Bernhard, S., Gao, X., Malliaras, G.G., Abruña, H.D. Efficient electroluminescent
devices based on a chelated osmium(II) complex. Adv. Mater. 2002, 14, 433–436.

237. Leprêtre, J.-C., Deronzier, A., Stéphan, O. Light-emitting electrochemical cells
based on ruthenium(II) using a crown ether as solid electrolyte. Synth. Met. 2002,
131, 175–183.

522 Buda

Copyright © 2004 by Marcel Dekker, Inc.



11
Miscellaneous Topics and
Conclusions

Allen J. Bard
The University of Texas at Austin, Austin, Texas, U.S.A.

I. INTRODUCTION

This chapter deals briefly with several topics related to ECL and its applications
that were not covered in the previous chapters. It concludes with some ideas
about future work in ECL.

II. LOW LEVEL EMISSION AND INVERSE PHOTOEMISSION

There are numerous examples of cases where very low levels of light are
recorded during an ECL experiment, when the conditions, such as the applied
potential range, seem inconsistent with accepted models for ECL. Such is the

aware, however, that there are a number of processes that can produce low-level
emission and that current technology allows the detection of light at exceedingly
low levels. Thus trace impurities, either in the solution originally or formed in a
decomposition reaction of an electrogenerated species, can sometimes act as
coreactants. Weak chemiluminescence results from reactions of many organic
compounds with oxygen [1]. In addition, there are a number of artifacts, such as
the accumulation in solution of reaction products from the counter electrode
or insufficient shielding of the counter electrode to prevent its possible light
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case for so-called preannihilation ECL mentioned in Chapter 1. One must be



emission from being detected by the photomultiplier or CCD, that can lead to
reports of ECL at a working electrode under conditions that are difficult to
explain. In general, one should be very cautious about experiments that produce
apparent ECL at very low levels.

Low-level (background) emission does establish the sensitivity limits in
many ECL analytical procedures. In addition to the sources mentioned above, a
background emission caused by inverse photoemission can occur. Inverse pho-
toemission (sometimes also called bremsstrahlung spectroscopy) occurs when
an electron impinging on a metal causes the emission of a photon. Although
this phenomenon is usually found with metals in vacuum and has been used to
map the band structures of metals [2], a number of studies have demonstrated
that it can also occur in solution in electrochemical cells. The first experiments
of this kind were performed by McIntyre and Sass [3], who coined the term
charge-transfer-reaction inverse-photoemission spectroscopy (CTRIPS) to de-
scribe these kinds of studies. The basic idea of CTRIPS is shown in Figure 1. If
a reduced species, e.g., an anion radical A·– in MeCN, is electrogenerated
and then oxidized at a very positive potential (but a potentials at which no cation
radical can be formed), the electron is injected into the metal at a level charac-
teristic of the A/A·– couple. However, the Fermi level of the metal is controlled
by the applied potential. Most of the electrons relax to the Fermi level by a radi-
ationless process, but a few photons are emitted and can be detected (Fig. 1a).
The analogous process can be carried out with hole injection, during which
a cation radical is generated and then reduced at a fairly negative potential
(Fig. 1b). In choosing reactants for these types of processes, one generally selects
species such as benzophenone (anion radical) or thianthrene (cation radical) that
do not produce annihilation ECL. A number of other papers have described
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Figure 1 Schematic representation of inverse photoemission process at metal/electrolyte
interface for (a) electron injection into positive metal and (b) hole injection into negative
metal.
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this phenomenon, almost all of the processes being carried out in nonaqueous
solutions in the 1980s and early 1990s [4–6], Experiments in aqueous solutions
were also carried out [7]. Recently, Gosavi and Marcus [8] elaborated a theoret-
ical model for CTRIPS.

III. HOT ELECTRON INJECTION AND UP-CONVERSION AT
SEMICONDUCTORS

semiconductor/solution interface. Note the similarities of this EL process and the
inverse photoemission process discussed in the previous section. The difference
is that EL at semiconductors is usually much more efficient (by many orders of
magnitude), because the radiationless processes are less rapid. This has been seen
with many semiconductors and is useful in mapping surface and interface states
within the region between the conduction and valence bands, for example for
GaN and GaxIn1–xN [9].

A somewhat related example is the direct formation of excited states
at semiconductor or insulator surfaces by an electron from the electrode reacting
with a cation radical in solution to form an emitting species (Fig. 2). The
direct reduction of thianthrene cation radical (TH·+) to form an excited state
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Figure 2 Electron transfer from electrodes to oxidized solution species (a) on a
semiconductor, (b) on a metal electrode.

Copyright © 2004 by Marcel Dekker, Inc.

As discussed in Chapter 1 (see Fig. 1), electroluminescence (EL) occurs at a



does not occur at a metal electrode (e.g., Pt), because any TH* formed is
quenched by energy and electron transfer at the metal electrode [10]. However,
this quenching is not as efficient at a semiconductor electrode, and direct
formation of excited states at electrodes such as n-ZnO and n-CdS has been
reported [11].

Direct formation of excited states is also possible by tunneling of hot elec-
trons through a thin insulating film, such as Ta2O5 film on a Ta electrode, as
shown in Figure 3 [12]. A comparison of the ECL obtained by the reduction of
TH·+

occur in aqueous solutions at an Al electrode coated with an oxide film [13].
However, the Al2O3 film is less stable in aqueous solution during cathodization.
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Figure 3 Schematic of electron transfer from electrodes to oxidized TH·+ species in
solution at (a) Ta/Ta2O5, (b) Pt, and (c) Ta/Ta2O5/Pt electrodes. (From Ref. 12b.)
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at Pt and the oxide-coated electrode is shown in Figure 4. Similar processes



IV. ELECTROGENERATED CHEMILUMINESCENCE IMAGING

Electrogenerated chemiluminescence provides an excellent way of imaging

number of other papers have used ECL of, e.g., the Ru(bpy)3
2+ system, to image

electrodes, including in more recent times ultramicroelectrodes and arrays [14].
At semiconductor electrodes, as described in the preceding section, ECL

combined with the concept of photoelectrochemistry at semiconductors can be
used for the up-conversion of radiation. Up-conversion is the conversion of
longer wavelength light (e.g., infrared) to shorter wavelength light (e.g., visible).
It is used for imaging (e.g., night vision), usually employing solid-state devices
and high voltages. The principle is based on using a semiconductor electrode
(e.g., n-GaAs or n-InP) as the working electrode in an ECL cell with precursors
A and D (e.g., A, DPA; D, TMPD) [15]. In the dark, the n-type semiconductor
can carry out reductions but not oxidations, so cycling the potential between the
regions where A is reduced and D is oxidized on Pt results in only A·– formation
and no ECL emission. When the semiconductor is irradiated with light of energy
greater than the bandgap, i.e., red light for the above semiconductors, then
oxidation is promoted (because holes are photogenerated in the valence band of
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Figure 4 ECL spectra of 7 mM TH·+/0.1 M TBAP/MeCN solution at (a) Ta/2.5 nm
Ta2O5, (b) Pt, and (c) Ta/2.5 nm Ta2O5/40 nm Pt electrodes. The exposure time was 5 min.
The potential was pulsed between 0 and –2.7 V vs. SCE at 0.1 s intervals. (From Ref. 12b.)

Copyright © 2004 by Marcel Dekker, Inc.

electrodes and solution flows such as those at an RRDE (Chapter 3, Fig. 17). A



the semiconductor). Thus the annihilation reaction between D·+ and A·– is possi-
ble and ECL emission from A* (for DPA blue-violet emission) is observed. Thus
an up-conversion from red light to blue-violet light occurs (Fig. 5). This scheme
was proposed for actual imaging but never reduced to practice [16].

V. SCANNING OPTICAL MICROSCOPY WITH ECL

based on ECL at an ultramicroelectrode (UME) and uses this for scanning optical

the usual way, using either annihilation in an aprotic solvent or a coreactant sys-
tem in water, as the tip is scanned in the XY plane above the sample
to be imaged. The light is collected by a detector, e.g., a photomultiplier tube, be-
neath the sample, and an image is obtained by plotting the detector response as a
function of XY position. The resolution obtainable by this technique depends on
the UME radius a and the distance d between the UME and the sample. With the
first experiments using this technique [17], electrode radii were ~1–10 µm, with
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Figure 5 Potential–, current–, and emission–time profiless illustrating the photoinduced
oxidation of 10-methylphenothiazine and the reduction of fluoranthene at an n-type
InP electrode yielding ECL upon illumination of the n-InP with a 3 mW He-Ne laser.
(From Ref. 15.)

Copyright © 2004 by Marcel Dekker, Inc.

Light sources based on ECL are discussed in Chapter 10. A unique light source is

microscopy. The principle is shown in Figure 6. ECL is generated at the UME in



similar d values, so the resolution of the images was not very high. In later
experiments [18,19], much smaller electrodes were employed and higher resolu-
tion was obtained. Various approaches were employed. In one [18], etched Pt tips
coated with electrophoretic paint with effective diameters of 60–100 nm were
attached to a tuning fork to maintain d at a very small value. ECL was generated
with a constant potential in an aqueous Ru(bpy)3

2+/TPrA system. A resolution of
the order of 200 nm was reported. In another [19], the electrode was a flame-
etched carbon fiber that had no insulating coating near the tip end. The ECL
solution was 25 mM DPA in benzonitrile (BN), and emission was generated by
an annihilation reaction (DPA·+ and BN·–). By generating the reactants with a
square-wave frequency of 20 kHz, the reaction was confined to the end of the tip,
and a resolution of about 600 nm was reported without any feedback control of d.
The estimated power of the ECL tip source was 1.8 pW, which was sufficient to
allow transmittance spectroscopy of the sample.

The results obtained so far with an ECL-based tip light source are quite
promising, especially for optical imaging of samples immersed in solution.
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Figure 6 Schematic diagram illustrating the operating principles of ECL generation at
an SECM in the alternating potential pulse mode. ECL is generated by the annihilation
scheme R·+ + R·– → 2R + hν and is detected by a PMT after attenuation by the substrate.

Copyright © 2004 by Marcel Dekker, Inc.



However, to be widely useful, true near-field scanning optical microscopic (NSOM)
resolution levels must be obtained routinely and rapidly. This probably will require
feedback loop control with a computer and electronics dedicated just to this
function as carried out with commercial NSOM instruments. Moreover, the ECL
solutions may be inconvenient in certain applications, e.g., with biological samples.
An alternative, not yet explored, is the use of a solid-state light-emitting electrode

very challenging.

VI. USING ECL TO OBTAIN THERMODYAMIC AND MECHANISTIC
INFORMATION

The extensive studies of ECL, particularly of organic species in aprotic media, have
clearly demonstrated that the observation of emission as a function of reactant
concentration, solution conditions, and potential can provide very useful insight
into the existence and energetics of often very unstable intermediates and help elu-
cidate complex mechanisms. An example is the mechanism of the reaction in the
Ru(bpy)3

2+

mechaism of ECL in this system established the existence of the TPrA cation
radical Pr2NCH2CH2CH3

+· and allowed its lifetime to be estimated. In addition, the
ECL process in this case provided evidence for the complex mechanism of aliphatic
amine oxidation and the intermediacy of the free radical Pr2NC·HEt following
deprotonation.

The free energies of these species can also be estimated from ECL
experiments, based on the energetic requirements for the observation of ECL, i.e.,
the energy of the electron transfer reaction that produces ECL must be larger than
the energy of the excited state, –∆H0 = E O(D+·,D) – E O(A,A–·) – T ∆S0 > ES. For
example, it is possible to examine the behavior of TPrA as a coreactant with the
electrogenerated cation radicals of a number of aromatic hydrocarbons whose ox-
idation spans a wide range of potentials in MeCN/benzene [20]. By observing
which hydrocarbons (R) produce ECL and which do not, and knowing the
potentials for oxidation of R to R·+ and the singlet state energies, one can estimate
the potential for the reduction of Pr2NC·HEt as about –1.7 V vs. SCE in this sol-
vent. Moreover, by studying the quenching of the fluorescence of R by TPrA and
assuming that it proceeds by electron transfer quenching, one can also estimate
the potential of the TPrA·+/TPrA couple as 0.9 V vs. SCE. Although ECL has not
found wide application in the physical-organic chemistry community, it should
be possible to design ECL experiments that probe many mechanisms
of interest.
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as described in Chapter 10, although making this of the required small size will be

and TPrA system discussed in Chapter 5. A close examination of the



VII. CONCLUSIONS

Electrogenerated chemiluminescence has come a long way in the last 40 years
in terms of both understanding the phenomena associated with it and finding
applications. The immunoassay systems based on ECL had sales in excess of
$400 million in 2002. However, there are still new reactions to investigate and
understand, new ECL phenomena to probe, and new applications to develop.
There are continued reports in the literature of new organic and inorganic
compounds that produce ECL, and the combined electrochemical, spectroscopic,
and ECL data lead to useful insights into the structures and interactions in
these. Advances in computational chemistry, which already provides important
information about ECL, will continue to play a role.

In the analytical field, improvement of sensitivity is always of interest,
especially in detection of biological species. The “Holy Grail” in such studies is
the ECL detection of single molecules, and it is only a matter of time until this
is accomplished by utilization of various amplification schemes, because single-
molecule detection by fluorescence measurements is well established. Continued
progress in light-emitting electrochemical cells based on polymer or solid-state
systems could lead to light sources and displays.
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