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UNIVERSITY OF LIVERPOOL
ABSTRACT
FACULTY OF SCIENCE
DEPARTMENT OF CHEMISTRY
Doctor of Philosophy

INVESTIGATION OF AN
ELECTROCHEMILUMINESCENCE
PLANAR OPTICAL WAVEGUIDE SENSOR

by Jens Kremeskotter

A new family of sensors based on evanescent field coupled electrochemi-
luminescence has been developed on the basis of the luminol/peroxide ECL reaction,
and characterized for the use as a biosensor using the glucose/GOx reaction.

The luminol electrochemiluminescence reaction on ITO electrodes was studied
in aqueous solutions at a pH which allows the luminol ECL and enzyme reactions to
occur. A mechanism is proposed for both the luminol electrode and the light emitting
reaction. This is in agreement with experimental data as well as with the results of
a finite-difference computer simulation.

Luminol oxidation on ITO occurs at potentials more positive than 0.6 V vs.
saturated calomel electrode. The electrode reaction for the luminol oxidation on an
ITO electrode was found to be completely irreversible with a slow initial one-electron
transfer and a very asymmetric electron transfer parameter an,=0.24+0.01 followed
by a fast second electron transfer. The total number of electrons transferred per
luminol molecule is 2.2, due to some fraction being further oxidized. The two-
electron oxidized species is responsible for light emission after reaction with peroxide
in solution. The light emission spectra was shown to be identical over the pH range
investigated and identical to the typical spectra found for this reaction. The
intermediate crucial for light emission is concluded to be the two-electron oxidized
product from luminol, which itself can be oxidized at potentials more positive than
1.2 V and can be reduced at potentials more negative than 0.2 V.

The electrochemiluminescence reaction was combined with the glucose/glucose
oxidase reaction, where peroxide was generated enzymatically and detected by
luminol ECL. The light was detected by coupling via the evanescent field to a planar
optical waveguide as well as in transmission through the transparent electrode. Linear
calibration curves were obtained for both modes of detection with a limit of detection
for glucose of 0.3 and 0.4 mM glucose respectively (2> 0.99).
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I. Introduction

The project’s origin goes back to the formation of the Optoelectronics Research
Centre (ORC) at the University of Southampton. One of the selected areas, optical
biosensors, required the collaboration with a strong electrochemistry group. The aim
was to combine electrochemistry with planar optics for the development of a novel

biosensor concept.

Biosensors have received an increasing interest, even though the idea is as old
as 1962 [1]. This is due to the immense potential such devices have, if only these
could be developed to yield reliable performance. Many possible configurations have
been suggested [2], but only a very small number have been made as commercial

devices [3,4].

In a standard analytical problem, the analyte needs to be detected usually from
a mixture with other components, for instance from gas or liquid phase mixtures and
emulsions. Detection is performed by identifying some unique physical property, such
as the absorption in a particular region of the electromagnetic spectrum, for instance
by UV/vis spectroscopy and detecting the loss of light intensity due to absorption in
the sample. If the other species in the sample interfere by adsorbing in the same
region, it might be that the analyte has a unique chemical reactivity that can be used
for differentiation. A direct method could be to electrochemically oxidize or reduce
it and detect the resulting faradaic current, whereas an indirect approach would be to

convert it chemically to develop some unique property and measure the production



or the disappearance of a previously added reactant.

If specific detection with or without chemical modification fails, the interfering
components need to be separated from the analyte until a measurable quantity can be

reliably linked to the analyte and its concentration calculated from a calibration.

All established analytical techniques rely on these few principles or on a
combination of them. The more steps that are necessary from taking the original
sample in the field until the specific detection, the more expensive, time consuming,
and potentially erroneous the analysis is. In particular, for samples with a wide range
of physically and chemically very similar contaminants such as water from environ-
mental sources, blood or chemical reaction solutions, such as in fermenters, the

amount of effort for analysis quickly becomes very demanding.

In this respect, the great advantage of biosensors is their specificity. They
allow, at least in theory, to shortcut the usually necessary separation steps. The term
biosensing applies to harvesting the recognition principle by which a component of
biological origin specifically binds to or reacts with the analyte of interest. This
recognition is achieved by the exact fitting of the three-dimensional structure of the
analyte into an exactly complementary structure in the biocomponent. In this assembly
the maximized interaction energy between the components assures that they bind
together, while even slightly different molecules do not fit into the active site or are

not bound as tightly and therefore are replaced by the substrate.

There are two main classes of biosystems used in analytical applications so
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far, based on immunological and enzymatic reactions. Yet unexplored but very
promising is the possible use of receptors and membrane channels or entire cells

as sensors, since they now can be studied individually with patch-clamp techniques

[5].

In an immunological system a generally small molecule (antigen) binds
specifically to a much larger biological component (antibody, protein or
glycoprotein). This binding can be very strong [6], but no further chemical change
occurs. This assembly alone can be used for detecting the presence of the antigen,
e.g. by monitoring the change in refractive index near a glass/solution interface due
to the adsorption of the antibody to a previously immobilized antigen on the surface
in a competitive assay [2]. Another method is to modify the antibody with a label that
can be easily detected, e.g. a fluorescent dye, and detect it again in a competitive
assay. In this method a known amount of antibody and the sample containing the
antigen are mixed and exposed to a surface with immobilized antigen. The antigen
species in solution and on the surface compete for the antibody in solution which
binds to both. The amount of antibody left on the surface after washing away the
solution is inversely related to the amount of antigen in the sample, which can thereby

be evaluated.

In an enzymatic system the biological recognition and binding of the substrate,
usually the analyte, to the enzyme leads to a change in reactivity of the substrate
towards another species (co-reactant) in solution. In the absence of the enzyme the
rate of reaction is very small, but the reaction is greatly accelerated, i.e. catalyzed,

in the presence of the enzyme. It is this chemical reaction, usually the stoichiometric



product of the co-reactant, that is then used for the detection. An example here is the
production of hydrogen peroxide by glucose oxidase from glucose and oxygen and the
subsequent detection by amperometry [7] or by colorimetric techniques [8]. In a
recent development, also direct interaction between enzymes and electrodes has been

reported via direct electron-transfer [9] or using conducting polymers [10].

A combination of both immunological and enzymatic principles can be used
to detect the amount of antibody present by previously binding an enzyme to the
antibody, performing a dummy reaction and detecting the product of the enzymatic
reaction. This approach has various advantages: first, a single enzyme can convert
orders of magnitude more substrate molecules and thereby amplify the amount of real
actual dummy-analyte. Second, the number of available enzymatic systems feasible
for use in analytical applications is limited, while antibodies can be produced with
microbiological techniques [11] to bind to almost any kind of molecule, for instance
a pesticide. In such a device the general detection, that of the dummy reaction, would

always be identical, only the antibody/antigen varies.

One of the physical quantities that can be measured relatively easy is photon
flux. It is well known that y-rays can be counted individually with apparatus like a
Geiger counter. Similarly photons with much less energy in the wavelength region of
visible light can be detected using photomultiplier tubes. The dynamic range can
ideally be varied over a range of 10' to 10" photons's™, i.e. by 13 orders of
magnitude. This is in strong contrast to other measurable quantities, such as the
faradaic current in an amperometric device [12], light absorption in colorimetry or

fluorescence in the presence of strong exciting light. All these cases exhibit either
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only small changes in the signal or a small signal in a potentially high background of
(electronic) noise and require very sophisticated apparatus to extract the desired

signal.

Reactions during which light is generated (chemiluminescence, CL) in an
otherwise dark environment offer high specifity to the light emitting species. Various
CL systems have been developed [13] into commercial analytical and medical
applications and, next to radiological techniques, are the most sensitive analytical

systems available [14].

In a subclass of chemiluminescence reactions, the light can be emitted in an
electrochemical system (electrochemiluminescence, ECL) only after an electrode
reaction has taken place. During an ECL reaction, the reaction rate can be adjusted
by controlling the electrode potential and thereby the electrochemical step leading to
photon generation. This gives full control over light generation in the time domain
by the applied potential and also in the space domain, since the light reaction can only

occur near to the electrode surface, where the electrode product is formed.

ECL reactions have been known for a long time [15,16,17]. The best
understood systems involve the annihilation of two radical intermediates, for instance
the reaction of a radical cation (anodic step) and a radical anion (cathodic step)
generated at the anode and cathode respectively. In the solution region where the two
species mix, they react and the parent compound is formed in an excited state and its
decay generates light [18]. An example for this type of reaction is ruthenium-(tris)-

bipyridyl cation in acetonitrile, which seems to follow the simplest of a range of
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possible mechanism [19]. The energy difference between the reacting radicals is
sufficient to form directly an excited singlet species (S-route). It also has a very high
light efficiency, i.e. number of photons per mole reacted is very close to one [20].
Another well studied but very complex system involves the luminol/hydrogen
peroxide system. Here, the electrochemical step is required to initiate the reaction
between the two reactants, which results in light generation [21]. Various other,

less frequently used ECL systems, have been described and reviewed [22].

The analytical applications of these reactions have been recently reviewed
[13,22]. The ECL reactions of the annihilation type generally need organic solvents
with strict exclusion of water, oxygen or impurities. When transferred into aqueous
media the reaction mechanism becomes much more complicated but applications to
detect species such as persulfate [23], oxalate [24] or as a label in DNA [25]
and RNA analysis [26] have been reported. Neither of these analytes, however,
currently offer a simple and versatile link to biological systems. By contrast, the
luminol ECL reaction offers this link. The reaction proceeds in aqueous and organic
media and is very selective to hydrogen peroxide (from now on referred to as

peroxide).

In biosensing applications, the peroxide required for luminol light emission is
a stoichiometric byproduct of a reaction performed by a class of enzymes called
oxidases [27]. These enzymes oxidize a substrate by a two electron transfer step
to dissolved molecular oxygen, thereby generating peroxide. Glucose oxidase (GOx),
which is the most studied enzyme, belongs to this class; it converts B-D-glucose in

the presence of oxygen to gluconolactone and peroxide. Additionally, it offers high
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chemical robustness, low cost and has been studied in great detail in the past [28].

A large number of chemical sensors and biosensors based on optical detection
have been described and reviewed [29,30,31,32]. The main categories
include fibre optic sensors and waveguides [30,33,34], surface plasmon [31] and
piezoelectric sensors [34]. The sensor principle is generally based on the use of a
strong light source, typically a laser, and the change of the light intensity it undergoes
when passing through the sensor in dependence of the concentration of the analyte.
For example, light absorption is detected or analyte fluorescence excited by a laser
or the change in refractive index of the light guide due to pressure or adsorption onto
it. These techniques are subject to similar problems of sensitivity and electronic

difficulties as ordinary non-optical techniques.

Compared to these techniques, chemiluminescence has the advantage of
generating light as the result of a specific chemical reaction. Thereby, problems of
detection of small changes within a strong initial signal can be overcome. The
potential of this type of detection has long been realized and luminol chemilumines-
cence is a very well established method for the detection of peroxide in biochemical
analysis [2,35]. The reaction itself has an optimum pH for light emission around
pH 11, while a typical enzymatic reaction has an optimum pH of 4-8 [28]. Therefore,
in these applications the experimental conditions need to be changed after the
enzymatic step to allow efficient light detection. By modifying the luminol reaction
mechanism with a special catalytic system made of peroxidase and p-iodophenol [68],
a shift of the optimum pH can be achieved. However, under these conditions ECL

cannot be used as an assay method due to the light generated in the presence of a



catalyst in solution regardless of the applied electrode potential.

Mechanistic studies of luminol electrochemistry have been carried out in the
region of maximum light emission efficiency, i.e. in alkaline conditions [36],
concentrating on the effect of electrode material [37,38] and pH [39] on the

ECL intensity.

In the present work, it was proposed to detect the light generated during the
ECL reaction via evanescent field coupling into a planar optical waveguide. This
mode of coupling of energy into the waveguide is only possible within a very narrow
range of distances very close to the electrode surface. By using structured waveguide
types it was envisaged, that light could be coupled selectively into channel-like
structures integrated into the glass substrate of the electrode and thus allowing only
the recording of the light signal from a very well defined area. By using a large
number of these channels on a single substrate, coated with many separate and
individually addressable electrodes, it seemed possible to achieve a miniaturisation
and diversification of the device by detecting many different analytes in the same
sample using different biological components on different electrodes. Eventually,
these channel structures would be joined to optical fibres, thereby allowing the light
detection far away from the actual cell, cutting down the instrumentational effort by

using one light detector for many fibres from various cells.

The possibility of coupling light into a waveguide from the electrolyte layer
next to it has already been demonstrated in some devices. For example, capillary fill

devices using fluorescence [40,41] were developed as disposable sensors. Also
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planar waveguide devices were developed, where fluorescent dyes in solution next to
the waveguide were excited by a laser source launched into the waveguide, which
then also collected the light due to fluorescence [42]. After removing the light from
the laser source with a monochromator, the analytically significant interesting
fluorescence signal was detected. Common to all these devices is the absence of
electrochemical components. The only electrochemical optical waveguide device
reported is in fact not using evanescent field coupling but an optical fibre which has
a gold coating around the end and collects light that is generated by electrochemi-

luminescence from a ruthenium based system in front of the fibre [43].

The optical requirements in this work for light detection involved the
transmission of photons through the electrode where the ECL reaction occurs, into
a light guiding structure underneath. Metal electrodes, even when used as a thin film,
are not suitable for this application, due to their strong absorption in the visible part
of the spectrum. For this reason, indium tin oxide (ITO) was chosen as electrode due
to its optical transparency while maintaining an almost metal-like conductivity.
Additionally, ITO offered the possibility of being vapour deposited onto more
complex waveguide structures and to be patterned by a simple lithography/etching

process [44].

The aim of this project was to develop a new biosensing technique using an
electrochemiluminescence reaction and developing the techniques required to detect
it in dependence of a particular analyte by evanescent field coupling into a planar
optical waveguide. The luminol reaction was chosen for obtaining ECL and was

combined with the GOx reaction on a planar optical waveguide biosensor, ultimately



allowing the device to accommodate both enzymatic and immunological biosensor

configurations.

The work was started from the analysis of the electrochemistry of luminol in
aqueous solution of near neutral pH on ITO electrodes. The ECL reaction mechanism
and its kinetics under these conditions were analyzed in order to optimize the design
of the waveguide and the detection system because of the properties of the evanescent
field of the waveguide. This required the knowledge, or at least a reasonable model,
of the spatial distribution of the light emitter close to the electrode during the
experiment. For evaluating these data, the mechanistic details were incorporated into
a computer simulation program to calculate the theoretical response of the waveguide
device. Finally, the optimized device was modified with GOx to demonstrate the

applicability of this new method to glucose sensing.

At the beginning of this project, only very little experience in electrochemi-
luminescence, electrochemistry of luminol on ITO, digital data acquisition and
computer simulation was available. Also little experience was present for the
connection of electrochemiluminescence to waveguides and biosensors. Therefore, all
the equipment had to be developed and improved permanently within the project and
the work advanced in a sometimes fuzzy path, due to the underestimation of the
problems involved. It was not until the last few month of the experimental work and
substantial assistance by coworkers, that finally the principle of evanescent field
coupling of electrochemiluminescence to planar waveguides could be established. The
ECL reaction will be shown to be very sensitive to the reaction conditions employed

and the understanding only emerged at the end of the work in combination with
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computer simulated transients. The final picture of the reaction in particular with
respect to the pH dependence, however, remains patchy due to the main emphasis on
the pH region of biological relevance and due to the lack in time to carry out more

experiments.

In this thesis, first the literature background as well as the theory of the
underlying physical and chemical principles of the work will be described. This is
started with the luminol electrochemiluminescence reaction and related chemilumines-
cence systems. Then the electrochemical techniques and methods of analysis, the
principles of evanescent field coupling used for surface selective light coupling will
be described. The experimental techniques and equipment used will be presented in
Chapter III and the methodology of computer simulation for electrochemical studies

will be described in Chapter IV.

The presentation and discussion of results from this work is started with the
characterisation of the light detecting apparatus and the properties of the indium tin
oxide electrode and waveguide material in Chapter V. The results on luminol electro-
chemistry and electrochemiluminescence are presented in Chapter VI and VII, where
first the electrode reaction mechanism is analyzed by cyclic voltammetry and then the
light emission spectrum is determined. These results are then used for the analysis of
the chemiluminescence reaction. The latter relies on the results of potential step
experiments and the resulting light transients in connection with computer simulation
of those light transients. In Chapter VIII the results obtained with a planar optical
waveguide are presented and in Chapter IX the incorporation of that device into a

flow injection analysis system is presented, using luminol electrochemiluminescence

11



and a glucose/ immobilized glucose oxidase reaction to demonstrate the applicability
of the system developed as the basis of a promising new family of biosensors. The
limitations of the techniques found during the work and how they might be overcome

will also be discussed in Chapter X and XI.
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II. Theory

II.1. Luminol Chemiluminescence

The luminol reaction was first described by Albrecht [15] in 1928. The overall
reaction scheme is shown in Figure II.1. Luminol is oxidized to aminophthalic acid
by oxygen or hydrogen peroxide in the presence of a mediator with the loss of
molecular nitrogen and the generation of a photon. Without the presence of a

mediator no chemiluminescence can be observed.

NH, O NH, O
NH H-045 or O OH
| 22— 2> v Ny # hu
NH mediator OH
0 0
[,LH; 1I
Figure I1.1

Since this first report the reaction has been intensively studied under a very
large number of different reaction conditions. The interest generally was due to the
appeal of light emitting chemical reactions in general, and also due to the specifity
for oxygen and hydrogen peroxide for this reaction in particular, making it very
interesting for analytical applications. The requirement of a mediator and its role in
the reaction mechanism makes the system more complex, but allowed also to expand
the applicability of the reaction to a much wider range of problems. The main criteria
of study has been the influence of the reaction conditions on the light generation

efficiency. Luminol is, in fact, the most well known member of a family of
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compounds, all having the hydrazide moiety, which have been investigated for their
chemiluminescence efficiency, in order to understand the structural factors influencing
light generation. Different mechanisms have been proposed depending on the
conditions used. However, because of the large number of conditions studied and the
number of elementary reactions and intermediates involved, a unique mechanism

accounting for all the existing experimental data is not yet available.

Most experimental parameters have been investigated for bulk solution
chemiluminescence. The reaction mechanism and the various parameters affecting it

will be summarized in the following sections.

II.1.1. Hydrazide Structure

The effect of changes in the substitution pattern of the aromatic ring and the backbone
structure, based on the structure of unsubstituted phthalhydrazide and luminol have
been investigated. From what is known, the general reaction scheme is the same for
all these structures, for which the only significant product is the corresponding

dicarboxylic acid [21].

The results can be summarized as follows:

a) derivatization of the hydrazide or carbonyl functionality (C=0 or NH) leads
to a complete loss of chemiluminescence [21,45];

b) Substitution in the 3-position of the aromatic ring generally leads to more

effective light emission than 4-substituents [45]; electron donating substituents
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give relatively high quantum yields while the opposite is observed with
electron withdrawing substituents. The greatest efficiency reported is 8% for
benzo-(ghi)perylene-1,2-dicarboxylic acid hydrazide and 3% for 4-(N,N-
diethylamino)-phthalhydrazide [46]. Luminol itself has also a relatively high
quantum yield (1%). Substitution does not influence the pH-dependence
significantly.

Linear hydrazides generate only very little light (quantum yield ~107%)

[47].

The results of this structural dependence has been put in the context to molecular

orbital studies and will be briefly discussed in Section II.1.4.

I1.1.2. Influence of solvent, pH, and the nature of the mediator

Depending on the pH of the solution, luminol, I/LH,, is present as the mono-

(III/LB®, pK, =6.7 [48]) or dianion (IV/L?*®, pK,=15.1 [49]) as shown in

Figure II.2; hydrogen peroxide can also be present in its ionized form (pK,;=11.7

[49)).
NH, O NH, 0° NH, 0°
rilH “HO < ‘“\“-“b[J —H® < \hll
NH e NH e _N
0 pKq1=6.7 o pKga=15.1 0°
I,LH, I[II, LH® IV, L%
Figure I1.2
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Roswell and White [21] described the effect of the solvent on the luminol
reaction. In aprotic solvents such as DMSO, DMF or HMPT, chemiluminescence of

the hydrazide occurs in the presence of oxygen or peroxide and base.

In protic solvents such as water or lower alcohols, the reactivity of luminol
and or the dioxygen component is weakened due to efficient solvation by water and
the reaction needs to be activated to occur. This activation is provided by an
additional mediator, either activating luminol by oxidation or making the oxygen-
species more reactive. Examples for hydrazide oxidizing agents can be a metal
complex, an electron transfer enzyme, hypochlorite [50], persulfate or pulse
radiolysis products (i.e. radicals). The optimum pH region is generally 10-12. In the
presence of electron transfer enzymes (e.g. peroxidases) or in micellar media the

optimum pH can be shifted to 7-9.

The upper pH limit is either caused by effective quenching of the excited light
emitting state by hydroxide ions above pH 12 [51] or by enzyme denaturation
above pH 9. The limit at low pH is due to the reaction mechanism of the light
emitting pathway, where some of the reactions are pH dependent and become too

slow for efficient chemiluminescence [52,53].

The shift in optimum pH as well as the mediator activity of peroxidases is due
to the enhanced reactivity of a dioxygen-transition metal complex at the active site of
the enzyme [54], giving an example for activation of the oxygen component. For
a model system of a Fe/Co-complex mediated luminol reaction [55], it was found

that a metal-dioxygen complex but not a luminol-metal complex is the activated
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intermediate in the chemiluminescence reaction. It is therefore probable that the
reaction mechanism in the presence of peroxidases is similar to the mechanism with
simpler transition metal complexes. Recently, enzyme-analogue porphyrin systems
containing central Fe*® and Mn*® atoms, have also been synthesized and studied
regarding their mediating activity for light emission and an improvement relative to
horseradish peroxidase (HRP) has been achieved for some cases [56]. This
indicates that HRP itself acts via its porphyrin-analogue heme unit in the active site
and suggests a combined activation of the oxygen component leading to luminol
oxidation and reaction to generate light. Peroxidases can react either as 1 or 2 €°
donor [57] and for the luminol/HRP system it has been shown that the enzyme acts
as a 1 e®-donor [58,59,60]. This has been confirmed by ESR studies [61]
which showed that radicals assigned to species V (see Figure II.3) are present in the

solution.

Another reaction system operating at moderate pH values is a reversed
micellar system using a cationic surfactant (Cetyltrimethyl ammonium bromide,
CTAB). An optimum pH value for the luminol reaction to 8.9-9.5 has been reported
in this media [62]. This behaviour can be understood in terms of the local pH at
the micelle-solvent interface, where the reaction was shown to occur. The cationic
surfactant micelle system can adsorb OH®-ions and the local pH value can be up to
two units higher than in the bulk solvent [63]. Therefore, the reaction conditions
and the reaction mechanism in this system is probably comparable to bulk alkaline

aqueous solution.
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I1.1.3. Light Emitting Intermediate

The characterisation of the light emitting species is very interesting from the
mechanistic point of view. The identity of the species is typically assigned by
comparison of the fluorescence spectra of the species present in the reaction mixture
with the chemiluminescence spectrum, provided these can be obtained under similar
conditions as the CL reaction. The precise structure of the emitter in the luminol
reaction, with a peak emission wavelength A, =425 nm [64], is still under dispute;
although it is agreed that it is the dicarboxylic acid, the ionization state and the effect
of the solvent is still under discussion. The ionization constants for the aminophthalic
acid are pK, ,=3.0 and pK,,=5.7. The respective peak fluorescence wavelength are
455 nm for the fully protonated amino-phthalic acid, 451 nm for the mono-anion and
424 nm for the dianion [80]. From these facts the dianion seems the most reasonable
species as the emitter. However, the monoanion [80], the dianion [51] and other
tautomeric structures [64] have been suggested as light emitting intermediates. The
argument presented was that photon emission must be faster than protonation
equilibration or solvent reorganisation. If this is the case, the analysis of stable
compounds cannot necessarily allow conclusions about the intermediate formed during

the chemiluminescence reaction.

For the case of luminol a detailed Molecular Orbital study has been carried
out [65] in order to establish the electronic structure of the parent molecule which
leads to chemiluminescence and this will be described in Section II.1.4. From these

results it was concluded that the mono-anion is the light emitter.

18



If a fluorescent species is present in the reaction mixture, the excitation energy
can be transferred to this acceptor and the chemiluminescence spectrum then
corresponds to the fluorescence spectrum of the additive and not to the actual product
of the chemi-excitation reaction. For example, phthalic acid does not exhibit
fluorescence, but transfers the energy to unreacted phthalhydrazide [66], thereby
causing light emission by fluorescence. The effect has also been studied using free
fluorescent dyes [67], or chromophores attached covalently to the luminol backbone
[21] as acceptors. All these studies were aimed at an increase in the quantum yield
®., of chemiluminescence and hence, of the light output of the reaction; these were,
however, unsuccessful. A more detailed discussion of the quantum efficiency will be
given with the discussion of the reaction mechanism for the luminol system in the

next section.

A very important finding for analytical applications of luminol chemilumines-
cence was that the emitted light intensity could be enhanced by a factor of 1000 under
certain conditions [68] by the addition of organic additives such as p-iodophenol
(IPOH, pK,=9.2 [81]) or other enhancers [69] without changing the emission
spectrum. It has been suggested that the reason for this increased light emission is
kinetic rather than mechanistic because the redox potential of IPOH, E°(IPO°/ IPO®)
= 0.87 £+ 0.02 V vs. NHE [81], is very close to that of the LH'/LH®-couple (see

Chap. 11.1.2).

Another system with enhanced light emission used a combination of
chemiluminescent systems (luminol/ D-luciferin/ HRP/ peroxide) to enhance the light

emission significantly with up to an 80-fold improved signal to noise ratio [70]. A
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discussion of emission spectra or mechanism was not given by these authors.

I1.1.1. Chemiluminescence Reaction Mechanism

In the presence of a 1 €° acceptor, such as a transition metal ion or a radical,

luminol is oxidized to a radical (V/LH"). This undergoes further disproportionation

to regenerate the luminol anion and an azinedione VI/L [71], Figure I1.3.

]
[electrnchemlcallyl Mitg NHy; O NH, O
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Figure I1.3
If a 2 e® acceptor is present, the azinedione VI is produced directly from the

luminol anion (Figure II.4); for example, in the case of persulfate ion as the electron
acceptor, the reaction shows no evidence of radicals being involved [72] probably
due to two fast consecutive 1 €® transfer reactions. When iodine is used as the
oxidant of luminol [73], the 2 €® mechanism has been assumed because the

otherwise necessary iodine-radical intermediate is probably too unstable.
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