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Abstract

In order to better understand the mechanism of solution manganese-based chemilumines-
cence, the kinetics of a number of chemiluminescent oxidations by manganese species were
studied using stopped-flow spectrophotometry. Both the kinetics of the decay of the oxi-
dant and the chemiluminescence emission were followed for oxidations by permanganate,
manganese dioxide sol and Mn3+(aq) of a range of organic compounds.

The most detailed studies were carried out on the oxidation of the relatively simple com-
pounds including glyoxylic acid and glyoxal under pseudo first order conditions and an acidic
medium at 25°C. For permanganate under these conditions, the decay is sigmoidal con-
sistent with autocatalysis and for managanese dioxide sol and Mn** pseudo first order. Sim-
ple mechanisms are suggested and compared with the experimental kinetic data. For per-
manganate CL system, the following chemical kinetic model was considered:

MnO4 +xsR 2> MnO, (k1)
MnO, + xsR > Mn* (ka)
MnO, + 3Mn*" > 4MnO, (ks)
Mn>* + xsR > (Mn?*)” > Mn* + light (Ka)
Mn** + MnO, =— Mn** (Keq = ki/kp)

The feedback mechanism in this model does not involve Mn?" directly but Mn**.The accura-
cy of the kinetics model predictions for manganese-based chemiluminescence systems were
tested and validated against a variety of experimental data sets and in varying the reaction
conditions for permanganate oxidation of glyoxylic acid and glyoxal and good agreement
was found. Under conditions of a large excess of glyoxal over permanganate concentra-
tion,the rate constants are approximately estimated as follows: k;=0.02 s™; k,=4.78 s;
ks=7.20 s7'; ks=1.98 s k=9.24 x10™* s""and k,=9.52 x10™s ™.

These are then applied to the chemiluminescence in the presence of known enhancers such
as aqueous formaldehyde and added I\/In2+(aq) confirming that the enhancement is a kinetic
phenomenon, consistent with faster formation of I\/In3+(aq) intermediate which has been
shown to be involved in the chemiluminescence process. For permanganate oxidation of
glyoxal, the addition of formaldehyde and Mn*" showed simple pseudo first order decay
with no induction period. Also, it increases the reaction rates of the relevant steps and of
the chemiluminescence signal intensity in predictable manner, and both predicted profiles
for permanganate consumption and chemiluminescence emission agreed with measured
profiles.The rate constants in the presence of 0.80M formaldehyde are determined as fol-
lows: k;=0.25 s; k,=5.66 s™'; ks=17.3 s; ks=7.32 s; k=1.10 x10™s™" and k,=2.96 x10™s™.
With the addition of 0.20M I\/In2+, the rate constants are estimated as follows: k;=0.26 s'l;
kp=34.5 57 k3=17.0 s'; k4=7.93 s™; k=2.60 s ' and k,=1.16 5.

The model has been applied to other reductants including oxalic acid, malic acid, metronida-
zole, tetracycline and pyridoxine and enhancers such as glyoxal, pyrogallol and gallic acid.
The application of these results to the optimisation of known and potential analytical meth-
ods is discussed.



Table of Contents

Acknowledgements

Abstract

Table of Contents

Chapter 1 Introduction to the research

1.1 Background and Significance of this study

1.2 Research Objectives

1.3 Thesis Organization

Chapter 2 Introduction to the analytical methods

2.1 Chemiluminescence

2.1.1 Historical Overview

2.1.2 Types of Luminescence

2.1.2.1 Luminescence associated with heating

2.1.2.2 Luminescence associated with prior irradiation

2.1.2.3 Luminescence associated with electrical phenomena

2.1.2.4 Luminescence associated with structural rearrangement in solid
2.1.2.5 Luminescence associated with chemical reactions

2.1.3 Photoluminescence

2.1.4 Generation of chemiluminescence

2.1.4.1 Gas-phase Chemiluminescence reactions

2.1.4.2 Liquid-Phase Chemiluminescence — Biochemiluminescence Reaction
2.1.4.3 Liquid-Phase Chemiluminescence — Chemiluminescence Reactions
2.1.4.4 Liquid-Phase Chemiluminescence — Electrochemiluminescence Reactions
2.1.4.4.1 Annihilation ECL

2.1.4.4.2 Oxidative-reduction mechanism

2.1.4.4.3 Reductive-oxidation mechanism

2.2 Flow Analysis (FA)

2.2.1 Flow Injection Analysis (FIA)

2.2.2 Sequential Injection Analysis (SIA)

2.2.3 Bead Injection Analysis (BIA)

2.2.4 Advantages of Flow-based analysis

2.2.5 Components of a Flow Injection Analysis System

2.2.5.1 Pumps

2.2.5.2 Injection valve

2.2.5.3 Manifold design

2.2.5.4 Detection Systems

2.2.5.4.1 Flow Injection Analysis and Chemiluminescence Detection
2.2.5.4.2 Photomultipliers Tube (PMT)

2.2.5.4.3 Photodiode Systems

2.2.5.4.4 Charge-Coupled Devices (CCD)

v 00 U N D B =

14
14
14
14
15
15
15
17
21
22
23
25
26
27
27
28
29
32
34
35
36
36
37
38
39
41
42
44
46



2.2.6 Miniaturization through lab-on-a-chip (LOC) 47

2.3 Stopped-flow Technique 49
2.3.1 Principle of Sopped-flow technique 49
2.3.2 Application of Stopped-flow technique in Spectrophotometry 51
2.3.3 Application of Stopped-flow technique to Chemiluminescence 53
2.4 Permanganate (MnQOy’) Oxidations 54
2.4.1 Potassium Permanganate Chemistry 55
2.4.2 Potassium Permanganate Applications 67
2.4.3 Cautions 68
2.4.4 Chemiluminescence from manganese-based oxidation reactions 68
2.4.4.1 Chemiluminescence from potassium permanganate 69
2.4.4.2 Chemiluminescence from manganese(lV) 70
2.4.4.3 Chemiluminescence from manganese(lll) 73
Chapter 3 Materials and Methods 102
3.1 Chemicals 102
3.2 Preparation of solutions 103
3.2.1 Potassium permanganate solutions 103
3.2.2 Manganese (ll) sulphate 104
3.2.3 Manganese (lll) reagent 104
3.2.4 Manganese (IV) reagent 104
3.3 Instrumentation and Equipment 105
3.3.1 Volumetric equipment 105
3.3.2 Weighing 105
3.3.3 pH measurement 105
3.3.4 UV-visible spectrophotometry 106
3.3.5 Stopped flow measurements 106
3.3.6 Validation of stopped-flow instrumentation 108
3.3.6.1 Reaction of acid hydrolysis of tri (ethylamine) nickel (Il) ion 108
3.3.6.2 Determination of the dead-time 110
3.4 Experimental procedures 113
3.4.1 Stopped-flow absorbance kinetics 113
3.4.2 Stopped-flow chemiluminescence kinetics 114
3.5 Significance of the following experiments 115
Chapter 4 Kinetics Study of the Chemiluminescence Reactions in the

Manganese-based Oxidation of Various Organic Substances. 117
4.1 Introduction 117
4.2 Chemiluminescence in glyoxal oxidation reactions 118
4.2.1 Permanganate oxidation of glyoxal 119
4.2.1.1 Effect of glyoxal concentration 122
4.2.1.2 Effect of MnO4 concentration 124



4.2.1.3 Effect of manganese(ll)

4.2.1.4 Effect of formaldehyde as enhancer

4.2.2 Manganese(lll) oxidation of glyoxal

4.2.3 Manganese(IV) oxidation of glyoxal

4.2.4 Dichromate oxidation of glyoxal

4.3 Glyoxylic acid chemiluminescence oxidation reactions

4.3.1 Permanganate oxidation of glyoxylic acid

4.3.1.1 Effect of glyoxylic acid concentration

4.3.1.2 Effect of permanganate concentration

4.3.2 Manganese(lll) oxidation of glyoxylic acid

4.3.2.1 Effect of Mn(lll) concentration

4.3.2.2 Effect of glyoxylic acid concentration

4.3.3 Manganese(lV) oxidation of glyoxylic acid

4.3.3.1 Effect of Mn(IV) concentration

4.3.3.2 Effect of glyoxylic acid concentration

4.4 Oxalic acid chemiluminescence oxidation reactions

4.4.1 Permanganate oxidation of oxalic acid

4.4.2 Manganese(lll) oxidation of oxalic acid

4.4.3 Manganese(lV) oxidation of oxalic acid

4.5 Malic acid chemiluminescence oxidation reactions

4.5.1 Permanganate oxidation of malic acid

4.5.1.1 Effect of malic acid concentration

4.5.1.2 Influence of formaldehyde on malic acid chemiluminescence
4.5.1.3 Influence of added Mn(ll) on malic acid chemiluminescence
4.5.1.4 Influence of glyoxal on malic acid chemiluminescence

4.5.2 Manganese(lll) oxidation of malic acid

4.5.3 Manganese(lV) oxidation of malic acid

4.6 Metronidazole chemiluminescence oxidation reactions

4.6.1 Permanganate oxidation reaction of Metronidazole

4.6.1.1 Effect of formaldehyde concentration on the Chemiluminescence
4.6.1.2 Influence of glyoxal concentration on the Chemiluminescence
4.6.1.3 Influence of pyrogallol concentration on the Chemiluminescence
4.6.1.4 Influence of gallic acid concentration on the Chemiluminescence
4.6.2 Manganese(lll) oxidation of metronidazole

4.6.3 Manganese(lV) oxidation of metronidazole

4.7 Tetracycline chemiluminescence oxidation reactions

4.7.1 Permanganate oxidation of tetracycline

4.7.1.1 Effect of manganese(ll) as catalyst

4.7.1.2 Effect of formaldehyde as enhancer

4.7.1.3 Effect of glyoxal as enhancer

4.7.2 Manganese(lV) oxidation of tetracycline

Vi

125
128
129
134
141
142
142
143
144
145
145
147
147
148
149
150
150
151
152
154
154
154
155
157
157
159
162
163
163
164
165
167
169
171
172
173
174
175
176
177
178



4.7.3 Manganese(lll) oxidation of tetracycline

4.8 Pyridoxine chemiluminescence oxidation reactions
4.8.1 Permanganate oxidation of pyridoxine

4.8.1.1 Effect of manganese(ll)

4.8.1.2 Effect of formaldehyde

4.8.2 Manganese(lll) oxidation of pyridoxine

4.8.3 Manganese(lV) oxidation of pyridoxine

4.9 Summary

Chapter 5 Modelling and Mechanism for Mn-based CL Reactions

5.1 Introduction

5.2 Modelling Permanganate Chemiluminescence System

5.2.1 Rate constants dependence on [glyoxal] and [glyoxylic acid]
5.2.2 Rate constants dependence on formaldehyde concentration
5.2.3 Rate constants dependence on manganese(ll) concentration
5.2.4 Complex (alternative) mechanism

5.2.4.1 Rate Constant Dependence on Glyoxylic Acid Concentration
5.2.4.2 Rate Constant Dependence on Glyoxal Concentration
5.2.4.3 Rate Constant Dependence on Formaldehyde Concentration
5.2.4.4 Rate Constant Dependence on Manganese(ll) Concentration
5.3 Modelling Mn(IV) Chemiluminescence System

5.4 Modelling the Mn(lll) Chemiluminescence System

5.5 Reaction Mechanism for Manganese-based CL System

Chapter 6 Conclusions
Bibliographic References

Vii

180
181
181
183
184
185
186
187
189
189
191
194
197
205
208
210
213
216
222
229
232
236
243
245



Chapter 1
Introduction to the research

1.1 Background and Significance of this study

Chemiluminescence (CL) is light emission produced through a chemical reaction exciting a
compound to a high-energy state which then rapidly loses its excess energy to produce pho-

ton usually of visible light'*°

, although chemiluminescence in IR region is also analytically
important. Chemiluminescence reactions are encountered in a number of biological systems,
where the process is often termed bioluminescence. The number of distinct chemical reac-
tions that produce chemiluminescence is small, thus limiting the procedure to a relatively
small number of species. Nevertheless, some of the compounds that do react to give chemi-

luminescence are important components of the environment’.

12

Chemiluminescence has found widespread use in analytical chemistryll’ and

biochemistry*> 3

. Examples include widely used chemiluminescent immunoassay for a pe-
roxidase label involving a mixture of luminol, hydrogen peroxide, and p-iodophenol™* and
the routine industrial monitoring of morphine in process streams by chemiluminescent per-
manganate oxidation™. The CL technique is now well established as a powerful analytical
technique for its inherent potential high levels of sensitivity with minimum background

noise, selectivity, and wide linear detection range with inexpensive instrumentation® *¢%°,

Advances in molecular biology and an increased need for more sensitive assays have

prompted the development of novel chemiluminescence systems for a wide variety of appli-

cations in clinical science®, the pharmaceutical industry® " * 21-33

82-99

, agricultural and environ-

6 7. 100 This is true

mental monitoring®*®!, food technology®®°, and forensic investigations
even though chemiluminescence is not as widely applicable as absorption, emission, or even
fluorescence methods of detection since so few molecules undergo native CL with common

reagents such as potassium permanganate®’.

To promote the development of the chemiluminescence technique, it is essential to discover
new chemiluminescent reactions, mainly, direct chemiluminescent reactions> 1* 8 101107 4,
order to increase the number of analytes access able through the technique. Most analyti-
cally useful chemiluminescent reactions have been discovered by trial and error or are modi-

9,10

fications of existing reactions™ *. The latter often make use of additional reagents described

" 21, 24, 36, 38, 49, 51, 67, 68, 70, 89, 100, 108-141
as “enhancers or sensitizers” .

A previous work undertaken by AbdeI—Mageed10 has shown for the first time that for man-
ganese oxidations “reaction kinetics can be used to explain the effect of enhancers”. This is
important, as it enables a more systematic approach to be taken to the phenomenon of so-
lution chemiluminescence.

S -



Therefore, further knowledge and understanding of the kinetics and reaction mechanisms
should allow the prediction of analytically useful compounds or combinations of com-
pounds. The results of these studies are expected to lead to suggestions for new analytical
methods.

Kinetic data should enable the comparison of chemiluminescence characteristics with the
kinetic laws of the chemical reaction in order to establish quantitative connections between
kinetics of the reaction and chemiluminescence generated.

Efforts in this study are concentrated on the liquid-phase chemiluminescence in organic sub-
stance oxidations using manganese species as oxidizing agents. Manganese oxidations have
been chosen for this study because of (i) the range of reductants for which chemilumines-
cence has been reported, (ii) the potential choice of three oxidants MnO4, MnO, and I\/In3+,
and (iii) the diversity of reported enhancers, such as low molecular weight aldehydes and
metal ions.

There are, however, a number of disadvantages and difficulties in using manganese oxi-
dants, of which by far the most popular is permanganate. They include (i) the potential in-
volvement of five oxidation states of manganese, (ii) the lack of any consensus on the mech-
anism of these oxidations, despite the use of permanganate for around 150 years and (iii)
the possibility of several reductant species that are difficult to identify.

Manganese-based chemiluminescence systems refer to reactions between manganese-
based oxidants, such as permanganate(Mn(VIl)), manganese(IV) and manganese(lll) ions
with a variety of organic compounds in acidic solution to generate light.

Since the chemiluminescence process is time dependent, optimizing manganese-based
chemiluminescence systems to improve its analytical sensitivity relies on an adequate model
for the dependence of the reaction kinetics and chemiluminescence on each of the reagents.

Of manganese-based oxidants, acidic potassium permanganate has been most widely used
in analytical chemistry ® 7. Although the application of acidic permanganate chemilumines-
cent reaction is widespread for its sensitive detection and determination of wide variety of
substances (such as pharmaceuticals, illicit drugs, biomolecules, antioxidants, pollutants,
etc.), the details of the reaction mechanism, including the number and identity of the inter-

mediate(s) responsible for the chemiluminescence signal production are poorly understood”
142,143

Again the in-depth understanding of the reaction mechanism may improve the chemilumi-
nescence response and the limits of detection and lead to the development of new analyti-
cal chemiluminescence systems.




Moreover, work on sensitized CL reactions has shown that the use of enhancers (or sensitiz-

68, 88, 119-122, 124-126, 144 77,110, 125, 126,

ers), such as low molecular weight aldehydes and metal ions

145148 i MnO, CL, to increase the signal intensity from the analyte, has been reported, but

the regulatory mechanism of enhancement has, as yet, not been completely elucidated.

As mentioned above, the mechanism of enhancement by formaldehyde and related com-
pounds has, as yet, not been fully clarified’. In a number of papers, the influence of formal-

dehyde as enhancer on CL has been explained by their capacity to react with permanganate

7, 120, 149, 150 7, 131, 150, 151

to form excited carbon dioxide or unknown intermedi-

7,121,124

, singlet oxygen

ates that either emit light or transfer energy to other emitters. However, the experi-

7,112,151, 152 9nd the identical spectral distribution in the

mental evidence for a Mn(ll) emitter
presence and absence of formaldehyde” ** *** do not support these pathways'*®. The first
hypothesis of the existence of a quantitative link between the activity of enhancers and their
7154 He proposed that Mn(ll)

inhibits a direct non-irradiative reaction, in favour of the light-producing pathway via man-
7,154

capacity for increasing CL response was put forward by Tsaplev
ganese(lll) . Zhu et al. found that the time required to reach the maximum emission in-
tensity from the oxidation of butane-2,3-dione with permanganate was considerably re-

duced by the addition of Mn(l1), which they exploited to quantify the metal ion” *>°.

Others have suggested that these enhancers increase the rate of analyte oxidation” *** **°.

For instance, Abdel-Mageed'® work suggested that these enhancers increase the rate of ana-
lyte oxidation and chemiluminescence, and showed that for manganese-based chemilumi-
nescence oxidations, reaction kinetics can be used to explain the effect of enhancers. How-
ever, no concrete mechanisms of the effect of enhancers on the CL of permanganate have
been confirmed, since up to the present time the reason why a change in the concentration
of enhancers affects the intensity of the CL of permanganate is unknown.

This study aimed to address the following general questions:

e What data do we need to design a chemiluminescence system?

e What is the mechanism controlling a chemiluminescence reaction and the enhance-
ment of chemiluminescence signal responses?

e |[sthere any strategy for improving the limit of detection (LoD)?

e Can new chemiluminescence assays be designed?

To address the mechanisms of manganese-based chemiluminescence reactions and of the
CL enhancement, the study of the kinetics of manganese-based CL reactions using the
stopped-flow technique was considered, to determine the dependence of the CL intensity
on the concentration of enhancer, organic substrate and oxidant, and the connection be-
tween CL and the mechanism of the reaction and the action of various enhancers.

We hope to conclude with a concrete kinetic mechanism for the action of enhancers on
manganese-based chemiluminescence system.

--3-



To simplify the kinetic study, where possible, experiments were carried out under pseudo-
first order reaction conditions with either organic substrate or oxidant in large excess, as this
forms the basis of chemiluminescence analytical methods for the detection of reactants.

The chemiluminescence step of the reaction will be determined by comparing the time
courses of the resulting chemiluminescence emission with changes in the absorbance spec-
trum for the oxidants.

1.2 Research Objectives
To summarize the following specific objectives were defined:

e Measure kinetics of chemiluminescence output and oxidizing reagent consumption
of oxidation reactions of a variety target molecules.

e Carry out extensive kinetic studies to determine the first and second-order rate con-
stants for the oxidation of selected simple model system.

e |dentify and quantify the controlling factors related to oxidant consumption that af-
fect the rate constants of the reaction and chemiluminescence response.

e Based on the data collected, identify mechanisms of CL reaction and mechanism of
enhancement for selected simple model chemiluminescent systems.

1.3 Thesis Organization

The overall structure of the study takes the form of six themed chapters, including this in-
troductory chapter.

Chapter 2 presents a review of the chemiluminescence technique as a mode of detection,
flow analysis and manganese compound oxidants as chemiluminescent reagents.

Chapter 3 describes the handling, preparation of materials, methods, instrumentation and
equipment used in this research.

Chapter 4 addresses research activities dealing with the study and assessment of the rates of
chemiluminescent oxidation of a range of organic compounds of analytical interest.

Chapter 5 attempts to develop a general model for manganese CL emission using the kinetic
data collected and mechanisms developed from the previous chapter.

Chapter 6, finally, provides a summary and conclusions and significant contributions from
this research.




Chapter 2

Introduction to the analytical method

Chemiluminescence analytical method is a variation of the standard photoluminescent spec-
troscopy techniques. A substrate is coverted to a reaction product that emits photons of
light instead of developing a heat or visible color. Luminescence is described as the emission
of light from a substance as it returns from an electronically excited state to ground state.
Chemiluminescence is the principle of light generation or glow produced in certain chemical
reactions without external energy input from sources such as light or heat. The chemilumi-
nescent substance is excited by the oxidation and catalysis forming intermediates. When the
excited intermediates return back to their stable ground state, a photon is released, which is
detected using a suitable spectroscopic probe.The detector yields a calibration curve to
guantify the target analyte.

Since the resulting chemiluminescence emission, which is the rate of emission of pho-
tons/sec from a chemical reaction, is the product of the oxidation turnover of analyte, the
intensity of the chemiluminescence emission is determined by the kinetics of the oxidation
reaction, and the light output is directly proportional to the concentration of the limiting re-
actant in the system, catalyst, or additives to enhance the native chemiluminescence signal
intensity. This forms the basis of chemiluminescence analytical methods for the detection of
reactants, catalyst, or any additives.

The applications of chemiluminescence techniques, as a mode of detection, are widespread
in analytical chemistry and biochemistry for its simplicity of detection, high sensitivity with
minimum background signal, linearity over a broad concentration range, selectivity, unex-
pensive instrumentation with moderate running costs. The simple requirements of chemi-
luminescent methods make them robust and easy to use for determination of trace ultra-
trace levels of environment pollutants, industrial chemicals and clinical assays. However, the
chemiluminescence techniques provide limited structural information and limited number of
chemiluminescent reactions, thus limited samples throughput.

The purpose of this chapter is to present an overview of the chemiluminescence analytical
method, permanganate chemiluminescence and the reaction conditions and mechanisms
that are involved in the oxidation of organic compounds with manganese-based oxidants.

2.1 Chemiluminescence
2.1.1 Historical Overview? ®°

The first true luminescence observed was bioluminescence in luminous organisms including
insects, fungi and bacteria on rotting wood and flesh.

-5



Electroluminescence was observed as the aurora borealis and ignis lambens, a silent electric
discharge observed under some atmospheric conditions. The earliest written reference to
luminescent animals is in Chinese poetry of around 1500BC and there are other references
in ancient writings from Japan and India.

The Greek philosopher Aristotle (384-322BC) gave the first recorded detailed description of
luminescent animals and other luminescence phenomena in De Anima. This discussed the
differences between luminescence and items which have colour and are seen in daylight. In
the first century AD Caius Plinius Secundus, Pliny the Elder, described luminous glow-wormes,
fungus, lantern fish and jellyfish in Historia Naturalis.

During the Middle Ages various authors including St Isidore of Seville, in the 6" century, Ra-
banus Maurus, archbishop of Mainz in the ot century and Hildegard of Bingen in the 12t
century made references to luminous insects and other luminescence phenomena.

The first book totally devoted to luminescence was published at Zurich, in 1555, by Conrad
Gesner. Generally referred to as De luminarii it was titled, in translation, a short commen-
tary on rare and marvellous plants that are called lunar either because they shine at night or
for other reasons; and also on other things that shine in darkness. It drew on the ancient au-
thors, describing luminous plants and animals also luminous stones, and included Gesner’s
own ideas on the subject.

Ancient and medieval authors on luminescence had been mainly concerned with describing
luminescent objects. From the beginning of the 17t century more attempts were being
made to explain these phenomena. Francis Bacon (1561-1626) wrote several works on light
and luminescence including “The Advancement of Learning (1605), Topica Inquisitionis de
Luce at Lumine (published before 1612) and Sylva Sylvarum or A Natural History in Ten Cen-
turies (published 1627)”.

The last describes sixteen experiments with shining wood, fish and flesh. At about the same
time an Italian, Vincenzo Cascariolo of Bologna, found that a local mineral consisting of na-
tive barium sulphate could be made to phosphoresce; this was the Bolognia phosphor or la-
pis bononiensis. Other examples of inorganic luminescence were then discovered; the most
important being that of phosphorus, first prepared in 1669 by Hennig Brandt.

The late 17" century also saw the discovery of artificial electroluminescence in tubes, by
Jean Picard in 1675. Thermoluminescence in certain types of fluorspar, which emit light
when warmed slightly, was recognised as a separated form of luminescence in 1676 by Jo-
han Sigmund Elsholtz.

Robert Boyle made an extended study of the properties of luminescent materials. His first
studies were into diamond and were reported in 1663.

-6



Diamond can display phosphorescence, thermoluminescence, electroluminescence and also
triboluminescence, which is the property of emitting light for a short while when bonds are
broken.

Preparing phosphorus independently of Brandt, Boyle’s work on the element was published
in 1680 as “The Aerial Noticula”. His best known studies into luminescence related to shining
flesh and wood and the effects of air on these. These experiments were made possible by
the vacuum pump invented by Otto von Guericke in 1650 and improved by Boyle and Hooke
in the 1660s. The results were reported in the Philosophical Transactions, on December
16/1672 as “Some Observations about Shining Flesh”.

Reports of these experiments appear to have circulated widely. In the play “The Virtuoso”, a
satire on the Royal Society, written in 1976 by Thomas Shadwell for the Duke’s Company, a
character described the essential features of these experiments: “There was a lucid sirloin of
beef in the Strand.

Foolish people thought it burned when it only became lucid and crystalline by the coagula-
tion of the aqueous juice of the beef by the corruption that invaded it. Tis frequent. | myself
have read a Geneva Bible by a leg of pork tis the finest light in the world. But for all that, |
could eclipse the leg of pork in my receiver by pumping out the air. But immediately upon
the appulse of the air let in again, it becomes lucid as before”.

At this time many philosophers, including Isaac Newton(1642-1727) and Robert Hooke
(1635-1702), were considering that the emission of light was connected with vibrations in
the emitting object. Newton considered that the light was propagated in the form of a
stream of particles while Hooke and Christian Huygens(1629-1695) supported the wave the-
ory of propagation. Hooke also made a number a number of studies of luminescence phe-
nomena.

During the 18" century many materials were found to be luminescent, including several ob-
served by Jacopo Bartolommeo Beccari and co-workers in Bologna. These workers devel-
oped a classification of luminescence by the method of excitation. They did not use modern
terminology, but otherwise the classification is very similar to those in current use.

By the early 19" century the wave theory of light became more widely supported due to the
work on diffraction by Thomas Young(1773-1829) and Augstin Fresnel(1778-1827). In 1802
the first spectrometer to use a slit was proposed by Hyde Wollaston enabling the first good
spectra of phosphors to be observed.

In the 1850s, publications by Edmond Becquerel(1820-1891) described the composition of
the exciting light, and later the emitted light of fluorescent materials. In the latter part of the




19" century it was found that rather simple organic (non-biological) compounds could give
rise to chemiluminescence.

It was found in 1877 by Bronislaus Radziszewski that a synthesised lophine (2,4,5 tri-
phenylimidazole) emitted green light when it reacted with oxygen in alkaline solution of al-
cohol. This discovery essentially founded the science of solution chemiluminescence.

In 1888 the term CL was propose for the first time by Eilhard Wiedeman(1852-1928) to de-
scribe light emission occurring as a result of chemical processes.

The next major discovery in solution chemiluminescence was of pyrogallol, described by J.M.
Eder in 1887, and studied in detail by Trautz and Shorigin in 1905. In 1887 Raphael Dubois
demonstrated that light is emitted from the mixture of a luciferin and luciferase in the pres-
ence of oxygen and discovered the chemiluminescence from aesculin, a glucosidic com-
pound present in horse-chestnut bark.

Several more chemiluminescent compounds were discovered in the early part of this centu-
ry. These included lucigenin by K. Gleu and P. Petsch in 1935 and luminol, which was discov-
ered by H.O. Albrecht in 1928.

Luminol is still the most widely used chemiluminescent compound for analytical applica-
tions. Currently many CL systems are known, biological as well as non-biological, but despite
intensive studies the detailed mechanisms involved are largely unknown®*®.

Also, several new inorganic luminescent systems were reported in the 18" century, including
the white flash observed when lime is mixed with a strong acid.

Phosphorescence is the persistent emission of light by a substance as a result of having ab-
sorbed energy from a form of electromagnetic radiation, such as visible light or x-rays. Un-
like fluorescence, phosphorescence continues for a short while after the source of radiation
is removed. Glow-in-the-dark products are phosphorescent.

Natural examples of CL include the male firefly, but many other organisms can also emit
light. When in search of a mate, the male firefly will emit flashes of light. This light is pro-
duced by the reaction of luciferin with molecular oxygen, which is catalyzed by the enzyme
luciferase.

Bioluminescence differs from species to species, but the general mechanism begins with the

oxidation of a luciferin catalysed by luciferase as shown in the figure 2.1, which depicts a

schematic representation of the luciferin bioluminescent reaction® 157163
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Figure 2.1 Light-emission mechanisms of Luciferin substrates'®*

The most popular and probably well-known and studied chemiluminescent systems in liquid-
phase studies include luminol*®**"2 and Iucigenin173'192, which illustrate the process of direct

and indirect chemiluminescence, respectively.

Lucigenin (10-Methyl-9-(10-methylacridin-10-ium-9-yl)acridin-10-ium dinitrate) is one of the
more efficient CL substances which emits an intense green emission when oxidised in an al-

164 Other acridinium derivatives'*® have been shown to produce CL emission

kaline medium
upon hydrogen peroxide oxidation of aqueous alkaline solutions. The main reaction product
is N-methylacridone, acting as an active intermediate in the mechanism proposed by Rauhut
et al*®* 1%, The application of this reaction has permitted the determination of several ions,

oxidants or reductors, such as ascorbic acid™®®.

--9--



Lucigenin undergoes a reaction with hydrogen peroxide to form an unstable dioxetane
whose decomposition leads to N-methylacridone in an electronically excited state. The ex-

173

cited acridone emits light as it relaxes to a stable state™’". Sensitizers, such as rhodamine B

and fluorescein are used as energy transfer reagents for enhancing the CL. The proposed
mechanism of reaction of lucigenin with H,0, is shown in Figure 2.2.

CH 3 CH 3
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0 T

Figure 2.2 Proposed Mechanism for the Lucigenin CL reaction'”?

Luminol (5-Amino-2,3-dihydro-1,4-phthalazinedione) is a chemical that exhibits blue chemi-

166,197 '\vhen mixed with an appropriate oxidizing agent. It is a white to slightly

luminescence
yellow crystalline solid that is soluble in water and most polar organic solvents. Luminol is
used by forensic investigators to detect trace amounts of blood left at crime scenes. It is also

used as an assay label and in cellular assays for the detection of copper, iron, and cyanides.

Probably the most useful oxidant is hydrogen peroxide166’ 197 however, other oxidants have

200 The oxidation is cata-

been used such as permanganatem, hypochloritelgg, and iodine
lyzed by, cobalt(ll), iron(ll), hexacyanoferrate(lll), hemoglobin components hemin and hema-
tine’®, and Cu®". The decomposition of peroxide produces an excited carboxylate anion
which emits a photon (bright blue colour) in returning to the ground state. However, the
mechanism of the luminol light emitting reaction in aqueous solution, though widely stud-

ied, is not fully understood.




It is thought to involve peroxide, which then decays to form 3-diaminophthalate in an elec-
tronically excited triplet state (two unpaired electrons of the same spin). This then slowly
undergoes an intersystem crossing to the singlet state (two unpaired electrons of different
spin). The excited singlet state product then decays to the ground state, which results in the
emission of blue-green light, a process which is called fluorescence. A schematic representa-
tion of the luminol chemiluminescent reaction is shown in Figure 2.3.

N|H Luminol

Dianion

l 02
o
Unstable peroxide + N
Excited state o~ 2
Triplet dianion (T,)
N 2

Converts into
Excited state
Singlet dianion (S,)

Converts into Stable +

Ground state singlet dianion (S_)
by releasing blue light

Photon of visible light

Figure 2.3 Proposed light-emission mechanism of Luminol oxidation'®®

The chemiluminescence phenomenon, often referred to as “cold light”, is relatively uncom-
mon because, in most chemical reactions, there are several ways for an electronically excit-
ed state to lose its extra energy, either by reacting with another molecule, molecular disso-
ciation, collision with its surrounding molecules, or luminescence. In the latter case, it can
react to release sufficient energy to produce photon of visible light, and the visible spectrum
extents from 400 to 750 nm. More than a hundred years ago, chemiluminescence emission
from the reaction between acidified potassium permanganate and pyrogallol (and also in the
presence of hydrogen peroxide) was first reported by Grinberg®® in 1920.
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Numerous more manganese-based (mainly permanganate) chemiluminescent reactions

have been discovered since then, notably that with siloxene®®, glucose?®* and oxalic acid*®.

In 1972, Nikolaevsky and Miroshnikova studied chemiluminescence detection for the diag-
d206.

nosis of gas resistance in plants using potassium permanganate in sulphuric aci
Stauff and Bergmann®®’ found that the oxidation reaction of oxalic acid by potassium per-
manganate in the presence of Mn(ll) sulphate generated chemiluminescence emission,
which could last for 200 s with maximum intensity reached after 90 s.

A book published by Stauff et al.?% discussed further some of the results of this paper and
proposed excited triplet dimer of carbon dioxide as the emitting species. In 1975, Stauff and
Jaeschke> reported for the chemiluminescence determination of sulphur dioxide using acid-
ic potassium permanganate as chemiluminescence reagent.

Veselovskii et al.’® observed the emission of chemiluminescence when Escherichia coli cells
were exposed to acid potassium permanganate. From further studies on whole bacterial
cells, lipids, proteins, amino acids, and other cell components they determined that the lu-
minescence observed from whole cells was due to protein oxidation by permanganate®.

In 1977, Lebedev and Tsibanova? studied the CL from the potassium permanganate oxida-
tion of 12 amino acids; whilst all reactions were found to emit light, the greatest intensities
were observed for glutamic acid and aspartic acid. In the presence of sodium fluoride, the
luminescence intensity was reduced, and they subsequently speculated that Mn (lll) ions
formed during the reaction caused decarboxylation of the amino acid thus producing carbon
dioxide radical anions thence luminescence. Later that year, Lebedev and Tsibanova studied
the kinetics of the CL from aspartic acid oxidation.

Whilst complicated behaviour was observed, the authors concluded that the chemilumines-
cence was limited by the decomposition of a Mn (lll) aspartic acid complex, then inferred
that the emission may have arisen during this rate limiting step from a triplet state of the
transition metal complex.

Using the emission from the oxidation of Escherichia coli cells, Lebedev and Veselovskii*'

acquired a chemiluminescence spectrum which revealed a broad band from 600 up to
800 nm with a maximum lying between 700 and 750 nm.

From kinetic studies with various cell fractions they determined that the emission was asso-
ciated with the oxidation of cell membrane proteins, and that other cell constituents elicited

212 studied the chemiluminescence oxi-

no chemiluminescence. Ushakova and Parkhomenko
dation of proteins, including albumin, peptone and peroxidase, by potassium permanganate
and noted that in the presence of pyocyanin, the response was decreased by approximately

40%.




In contrast, the emission from the oxidation of alcohol dehydrogenase, cytochrome ¢ and
lysozyme showed little or no effect from the presence of pyocyanin. The same group®™ ex-
tended their chemiluminescence study to other cell types.

In fact, almost all liquid phase reactions involving permanganate oxidant are chemilumines-
cent under some circumstances. The chemiluminescent reactions between permanganate
and organic analytes are probably the most sensitive and have found the broadest applica-
tions. The first analytical application — the determination of sulphur dioxide — was published
in 1975>*, but it was not until the mid-1980s that applications involving organic analytes

were reportedm' 113,214

Over the past decade, there has been a significant rise in the number of applications, partic-
ularly those involving organic analytes. Chemical and spectroscopic evidence for the species

responsible for the characteristic red emission observed from many reactions with acidic po-

d® **” and several researchers have continued to explore

73,151, 215, 216

tassium permanganate has emerge
the relationship between chemiluminescence intensity and analyte structure

The use of acidic potassium permanganate as a chemiluminescence reagent and its analyti-
cal applications has been reviewed by various authors. For further details of the early devel-
opment of this chemiluminescence reagent, the reader is referred to the previous review

and recent reviews on CL detection® 7" 11 21> 217,

Manganese(IV) and manganese(lll) CL have been reviewed in a number of articles™ *27 218 219,

For instance, in 1984 and again in 1993, Jaky220 dissolved manganese dioxide in aqueous
phosphoric acid (3 M) and investigated the kinetics of the oxidation of various simple organic
compounds e.g.propane-1,2-diol, formaldehyde, formic acid, oxalic acid.

Using FIA methodology, Zhang and co-workers developed a method based on the CL reac-
tion with a manganese(lll) reagent that was generated on-line by constant-current electroly-

sis of manganese(ll) sulphate in acidic solution, for the determination of numerous organic

222, Chlorpromazinem, amino-

227

compounds such as isoniazid®?, adreson (cortisone acetate)

pyrine(amidopyrine)224, captoprilm, cephradine226, cephalexin®”’, ChIorpromazinezza, dexa-

231

methasone 21-phosphate??®, quinine®?, reserpine®*®, sulfite”*!, tryptophan?*.

2.1.2 Types of Luminescence

Luminescence is concerned primarily with the emission of visible or near-visible radiation
(200-1500 nm) when electrons in excited orbital decay to their ground state, the light arising
from the potential energy of electronic transitions within atoms or molecules. Chemilumi-
nescence is one of a number of luminescent phenomena. Conventionally, these phenomena
have been distinguished by a prefix which identifies the energy source responsible for gen-
erating and initiating emission of electromagnetic radiation.
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Wiedemann® #** defined the term “luminescence” (Greek: Lucifer, light bearer) in order to

distinguish between light emission from thermally excited substances and CL emission from

molecules excited by other mechanisms without increasing their average kinetic energy.

He classified luminescence phenomena into six different kinds, according to the way of exci-

tation: photoluminescence caused by the absorption of light, electroluminescence produced

in gases by an electric discharge, thermoluminescence produced by slight heating, tribolu-

minescence as a result of friction, cristalloluminescence as a result of crystallization, and

chemiluminescence caused by a chemical reaction. Based on Harveyz, the luminescence

phenomena can be classified according to the source of excitation into:

2.1.2.1Luminescence associated with heating

Thermoluminescence: refers to the luminescence of solids and crystals on mild heat-
ing i.e., well below that necessary to produce incandescence. It is observed when
certain minerals, having previously been exposed to high-energy radiation, release
energy in the form of visible light when heated. For example the heating of diamond.
Thermoluminescence has been used as a means of archaeological dating.
Candoluminescence: luminescence of incandescent solids emitting light at shorter
wavelengths than expected. For example the heating of ZnO.

Pyroluminescence: refers to the luminescence of metal atoms in flames. For example
the yellow sodium (Na) flame.

2.1.2.2 Luminescence associated with prior irradiation

Photoluminescence: luminescence caused by UV or visible light irradiation. For ex-
ample, the Bologna stone (BaSO,).

Cathodoluminescence: luminescence produced in a material by ionizing radiation
such beta particles irradiation or electron bean bombardment. Example a cathode
television screen.

Anodoluminescence: refers to the luminescence produced in a material by ionizing
radiation such alpha particles (He nuclei) or He nuclei bombardment. Example zinc
sulphide phosphor.

Radioluminescence: refers to the luminescence caused in material by ionizing radia-
tion such as gamma-rays or X-rays. Ground state molecules are excited by collisions
with high energy particles. Example luminous paint.

2.1.2.3 Luminescence associated with electrical phenomena

Electroluminescence and piezoluminescence: refers to luminescence associated
with electric discharges and fields. Example fluorescent strip light.
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e Galvanoluminescence: relates to luminescence produced during electrolysis. Exam-
ple electrolysis of NaBr.

e Sonoluminescence: refers to the emission of light by tiny bubbles in a liquid excited
by sound (intense sound waves in solution). Example ultrasonic probe in glycerol.

2.1.2.4 Luminescence associated with structural rearrangement in solids

e Triboluminescence: is the emission of light energy when a mechanical stress is ap-
plied to a crystal, the crystal stressed by applying pressure or torque. Luminescence
on shaking, rubbing, or crushing. Example gentle agitation of uranyl nitrate,
UO,(NO3),.6H,0.

e Crystalloluminescence: luminescence on crystallisation. Example HCI or ethanol ad-
dition to saturated alkali metal halide solutions (NaCl, KCI).

e Lyoluminescence: luminescence on dissolving crystals. Example LiCl or KCI coloured
by irradiation by cathode rays.

2.1.2.5 Luminescence associated with chemical reactions

e Chemiluminescence: refers to the light energy emitted results from a chemical reac-
tion.Ground state molecules are excited by certain chemical reactions. Example oxi-
dation reaction of glyoxal by acid permanganate.

e Bioluminescence: when the luminescent chemical reaction occurs in a living organ-
ism. Example O, + luciferin-luciferase (firefly).

e Electrogenerated chemiluminescence: when the emission of light results from the
formation of excited species at the electrode surface.

2.1.3 Photoluminescence

Photoluminescence is the spontaneous emission of light which is caused by the irradiation of
210234 photolu-

minescence spectroscopy is a contactless, non-destructive method of probing the electronic

a substance with other light (light from a material under optical excitation)

structure of materials.

Light is directed onto a sample, where it is absorbed and imparts excess energy into the ma-
terial in a process called photo-excitation. One way this excess energy can be dissipated by
the sample is through the emission of light, or luminescence.

The intensity and spectral content of this photoluminescence is a direct measure of various
important material properties. The excitation energy and intensity are chosen to probe dif-
ferent regions and excitation concentrations in the sample.




Quantum mechanically, this can be described as the photo-excitation causing electrons with-
in the material to move into permissible excited states.

When these electrons return to their equilibrium states, the excess energy is released and
may include the emission of light (a radiative process) or may not (a nonradioactive process).
The energy of the emitted light (photoluminescence) relates to the difference in energy lev-
els between the two electron states involved in the transition between the excited state and
the equilibrium state. The quantity of the emitted light is related to the relative contribution
of the irradiative process.

The emission of light or luminescence through this process is photoluminescence. Figure 2.4
shows Jablonski energy-level diagramz‘:’5 that best illustrates the electronic energy levels
(and their relative positions) of a molecule. A Jablonski diagram enables radiative transitions
between energy levels in molecules, as well as such phenomena as internal conversion. The
vertical axis measures energy, with the electronic energy levels in their lowest vibrational
states being short horizontal lines.
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Figure 2.4 Energy Levels for Luminescence Transitions (Jablonski energy-level diagram).
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As mentioned above, this is one of many forms of luminescence and is distinguished by pho-
toexcitation (excitation by photons), hence the prefix photo-. The period between absorp-
tion and emission is typically extremely short, in the order of 10 nanoseconds. Under special
circumstances, however, this period can be extended into minutes or hours.

The term embraces both molecular fluorescence and phosphorescence, which differ in the
time after irradiation over which the luminescence occurs.

The simplest photoluminescent processes are resonant radiations, in which a photon of a
particular wavelength is absorbed and an equivalent photon is immediately emitted — ab-
sorbed radiation is reemitted without alteration.

This process involves no significant internal energy transitions of the chemical substrate be-
tween absorption and emission and is extremely fast, of the order of 10 nanoseconds.

More interesting processes occur when the chemical substance undergoes internal energy
transitions before re-emitting the energy from the absorption event.

The most familiar such effect is fluorescence — short-lived with luminescence ending almost
immediately. Fluorescence is also typically a fast process, but in which some of the original
energy is dissipated so that the emitted light photons are of lower energy than those ab-
sorbed. The generated photon in this case is said to be red shifted, referring to the loss of
energy as Jablonski diagram shows.

An even more specialized form of photoluminescence is phosphorescence — this involves
change in electron spin and may endure for several seconds. In phosphorescence process,
the energy from absorbed photons undergoes intersystem crossing into a state of higher
spin multiplicity, usually a triplet state.

Once the energy is trapped in the triplet state, transition back to the lower singlet energy
states is quantum mechanically forbidden, meaning that it happens much more slowly than
other transitions.

The result is a slow process of radioactive transition to back to the singlet state, sometimes
lasting minutes or hours. This is the basis for "glow in the dark" substances.

2.1.4 Generation of chemiluminescence

The generation of light by a chemical process in solution may be divided into two steps. The
first step of the CL process is the conversion of reactants to an electronically excited state. It
is this excitation step that distinguishes reactions that generate visible light from all other
chemical transformations.
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Figure 2.5 Basic mechanisms of chemiluminescent reactions®

Where C* represents the excited state of the species C. F and F" denote acceptor or fluoro-
phore molecules in the ground state and the electronically excited state, respectively.

The excitation step provides the mechanism whereby the energy released during the con-
version of reactants to products is diverted from heat to light. There has been considerable
diversity of opinions regarding the details of this transformation.

The second step in all chem. - and bioluminescent reactions is the emission of light from an
electronically excited state.

The ultimate emitter may be the excited state formed as a direct consequence of the excita-
tion step or it may be a state formed indirectly by energy transfer from the first formed ex-
cited state.

The first circumstance is referred to as direct chemiluminescence and the second as indirect
chemiluminescence. To provide a better understanding of CL process, the figure 2.5 above
gives a schematic representation of this process.

Chemiluminescence yield of the above reactions is considered to be the product of the effi-
ciency for generation of C and the efficiency of its radiative decay to the ground state. Effi-
ciency of chemiluminescence is measured in terms of the chemiluminescence quantum
yield. The quantum vyield is equal to the ratio of number of photons emitted during a reac-
tion divided by the number of molecules which reacted. Thus, two main factors affect the
light intensity; the rate of reaction and the efficiency for producing c.

Therefore, the efficiency of a chemiluminescent reaction (CL quantum vyield) is determined
according to the following mathematical relation:
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DOcL = Oc % O, * O, (Equation 2.1)

Where Oc, Oc, Og, and Q. denote the overall quantum yield, chemical yield (fraction of
molecules going through the chemiluminescence pathway), excited state molecules yield
(the efficiency of population of the excited state), and excited state quantum yield — effi-
ciency of emission (fraction of excited state molecules which produce a photon), respective-
ly. In the case of indirect chemiluminescence, where there has been energy transfer be-
tween fluorescing species and acceptor species, further terms; @1 and ®.” are added, and
the equation 2.1 can be rewritten as follows;

DcL = D ¥ O x O x O (Equation 2.2)

where ®r describes the efficiency of energy transfer and ®,” relates to efficiency of emission
from the acceptor molecule. Quantum efficiencies of many chemiluminescent reactions are
low and those used in analytical chemistry are typically in the range 0.001 to 0.1 and up to
0.5 for peroxyoxalate systems.

Reactions with lower quantum efficiencies down to 10", often called ultra-weak can be
used analytically, particularly when the time of emission is relatively long.

Some reactions have particularly high quantum efficiencies, approaching unity. These reac-
tions are mainly bioluminescent reactions, where the presence of other biological molecules
such as proteins is believed to protect emitting species from loss of energy by interaction
with surrounding molecules.

The most efficient luminescence systems, resulting in the high quantum efficient species and
spectral characteristics, are dictated by the environment in which the species live. Thus, in
marine environments, luminescent species typically emit green light, whereas terrestrial
species emit blue light to enabling them to be seen from a maximum distance.

There are several ways for an electronically excited state to lose its extra energy, either by
reacting with another molecule, molecular dissociation, collision with its surrounding mole-
cules, or luminescence. In the latter case, it can react to liberate sufficient energy to pro-
duce photon of visible light. The overall quantum yield can be measured down to 10™.

The rate of production of light and concentration of chemiluminescent molecule, often cou-
pled to concentration of a catalytic reagent, imposes limits on the amount of time that the
luminescence can be analytically useful from a sample volume.

Some samples will generate a relatively bright signal for a short period of time (until all of
chemiluminescent reagent is completely used up); others will produce a weaker signal over a
longer period of time.




To be chemiluminescent the reaction must fulfil three essential features:

e |t must be an exothermic (energetic) reaction, at least one product must be excited
into the electronically excited state,

e And the excited product must lose its energy by light emission or transfer it to a
fluorophore.

For a reaction to be chemiluminescent in visible region (400 -750 nm), the energy required is
in the range 160 — 300 kJmol™, as derived from the combination of Planck and Einstein equa-
tions:

E = hc/A (Equation 2.3)

It is obvious that if the energy generated in the reaction of the excited state is lost as vibra-
tional and rotational energy (or heat), chemiluminescence will not occur. The change in free
energy (AG) is that determines whether a reaction can occur;

AG = AH - TAS (Equation 2.4)

For many chemiluminescence reactions AS is small, so AG and AH are similar in magnitude.
The difference between the activation energy AH, and the reaction energy AHg must be at
least equal to the energy required to generate the excited state AHg,, as mathematically il-
lustrated below.

Energy available = AH4 - AHRr = AHg, (Equation 2.5)

There are many inorganic and organic chemical reactions that are known to produce light.
The most popular and probably well-known and studied chemiluminescent systems in liquid-
phase studies include luminol and lucigenin (see Figures 2.2 and 2.3), which, also illustrate
the process of direct and indirect chemiluminescence, respectively.

Chemiluminescent reactions can also be classified according to the chemical nature of lumi-
nescent compound that is reacting, such as, organic or inorganic, or according to the phase
in which the reaction occurs, that is liquid, solid and gas, or finally according to the mecha-
nism of the light emitting reaction®’.

In direct CL reactions, the emitter is the product of the chemiexcitation step and is generat-
ed directly in an excited state. Whereas in indirect chemiluminescence reactions, usually
called sensitised or energy transfer chemiluminescence, the excited species transfers its en-
ergy to a fluorophore(or acceptor), the sensitizer, which then emits light (Figure 2.5). Con-
sidering the phase in which the reaction occurs, many hundreds of chemical compounds are
at the origin of chemiluminescence reactions which can occur in liquid or solid phases, or at
solid-liquid or solid-gas interfaces™®.
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2.1.4.1 Gas-phase Chemiluminescence reactions”

In gas phase chemiluminescence, the light emission is produced by the oxidation reaction
between an inorganic analyte (e.g. nitrogen monoxide) and strongly oxidising reagent gas
such as ozone?*® or fluorine. The most widely used gas-phase chemiluminescence reagent is
ozone. Some analytical methods have been proposed for the determination of NO, sulphur
monoxide and unsaturated hydrocarbons, such as alkenes, alkynes, aromatics and alkanes at
high temperatures, based on the chemiluminescence emission produced in their reaction
with ozone. Several of these are as follows:

NO+03 -> NO*+0, > NO;+light (600-2800 nm) (Equation 2.6)
CH4 + 2053 - HCHO* + O, - HCHO + light (350-520 nm) (Equation 2.7)
SO+0;3 = 0,;+S0,* - SO, + light (260-480 nm) (Equation 2.8)

The development of chemiluminescent methods for determining components of a gas large-
ly originated from the need to determine atmospheric pollutants, allowing the development
of instruments for pollutant monitoring with sensitivities ranging to the ppb-level.

The production of chemiluminescence emission in the UV-visible spectral region requires
highly exothermic reactions such as atomic or radical recombination, or reaction of reduced
species such as hydrogen atoms, olefins, and several sulphur and phosphorous compounds
with strong oxidants such as ozone, fluorine and chlorine dioxide.

Based on the principles of the reactions above, several commercial chemiluminescence
portable analysers have been developed for the determination of sulphur, nitrogen or phos-
phorous compounds.

In atmospheric research, the most useful detectors are applied in the detection of oxides of
nitrogen using the above-proposed reaction. The detector, named “NOx box” measures both
NO and the sum of NO and NO, (i.e., NOx), as well as NOy (i.e. total reactive oxides of nitro-
237
gen)
to measure ozone in the atmosphere.

.These reactions with NO and ethylene are the basis of the Fast Ozone Detector, used

In heterogeneous gas-solid phase, a fast-response detector allows a very sensitive and selec-

tive determination based on the chemiluminescence induced when rhodamine B, adsorbed

238, 239

on silica gel, is exposed to ozone . This procedure has been used for the study of verti-

240 The former reac-

cal distribution of ozone in the atmosphere using miniaturised probes
tion constitutes the basis of the named “pyroluminescence method”, in which organic and
inorganic nitrogen (including nitrate) are oxidised in air at 1000 °C to form nitrogen monox-

ide, which makes it possible to determine harmful nitrogen as a criterion of beet quality241.
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Sulphur-selective CL detection can also be achieved by converting sulphur-containing com-

222 This forms the basis of analytical methods for the detection of SO (if it

pounds to SO
could be sampled and brought into contact with ozone), or other reduced CL sulphur species
that can react with ozone and be converted to SO as an intermediate before the final ele-

mentary CL reactions (SO+03—->S0,*+0;) and (SO,*—>S0,+hv).

Oxygen atoms have also been applied as strong oxidants when reacted with a wide range of
analytes, although not so frequently used in analytical applications. The reaction with nitric
oxide produces a yellow-green chemiluminescence emission that has been used for measur-
ing concentration of oxygen atoms in kinetic experiments:

NO + 0. = NO, -NO, + light (450-1800 nm) (Equation 2.90)

NO,+ 0. NO + 0, (Equation 2.10)

Also, fluorine is used in CL as the stronger oxidant to produce CL emission in gas-phase. F;
reacts with certain reduced sulphur compounds such as thiols, sulphides, disulphides and
trisulphides, phosphines, alkyl phosphine and monophosphinate esters to produce intense

CL emission®* 2%,

Some chemiluminescence reactions are based on the light emission produced in a flame, ra-

2% In this case, the

ther than the “cold” chemiluminescence emission as mentioned above
high temperatures of the flame promote chemical reactions that form key reaction interme-

diates and provide additional thermal excitation of the emitting species.

This methodology has been used for selective detection of compounds containing sulphur,
nitrogen, phosphorous, boron, antimony, arsenic and halogens. As example, the mechanism
for the detection of organophosphorous compounds can be cited involving the formation of
PO, which subsequently reacts with H atoms in a fuel-rich flame to produce the excited spe-
cies®*:

H.+ PO - HPO* - HPO + light (~526 nm) (Equation 2.11)
2.1.4.2 Liquid-Phase Chemiluminescence — Biochemiluminescence Reactions

Bioluminescence refers to the ability of living organisms to produce light. Not only is it of in-
terest to study and record the bioluminescent emission of organisms in their natural envi-
ronment (~90% of deep sea marine life is thought to exhibit bioluminescence), but several of
the individual biomolecules that give rise to bioluminescence have been identified, isolated,
studied, often genetically coded, and put to use across a range of applications.

These uses have penetrated a broad field of study, including intracellular physiology, pre-
clinical research, micro titre and biochip-based assays.
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The analytically most widely applied biochemiluminescence systems are based on the firefly
luciferin-luciferase reaction and the systems derived from the firefly Photinus pyralis and
certain marine bacteria (Vibrio Harvey and Photobacterium Fischeri).

For example, firefly luciferase emits light in the presence of its substrate luciferin and Aden-
osine Triphosphate (ATP) and is widely used for measuring ATP concentrations (refer to Fig-
ure 2.1). In enzyme-catalysed bioluminescence reactions, light is emitted according to the
following scheme:

Luciferase

Substrate + Luciferin + O, Product + Oxyluciferin + Light (Equation 2.12)

Since all living organisms contain ATP it finds principal use as a measure of bio-
contamination, for example in the food industry. Importantly, luciferase has been coded and
adopted as a gene reporter, routinely transfected into living organisms and cells to study, for
example, expression levels and cell physiology.

2.1.4.3 Liquid-Phase Chemiluminescence — Chemiluminescence Reactions

There are many known chemiluminescent reactions; two most prominent examples are ar-
guably luminol chemiluminescence and peroxyoxalate chemiluminescence. The first is the
oxidation of luminol (5-aminophthalylhydrazide) in alkaline medium, to produce excited 3-
aminophtalate ion (Figure 2.3). Oxidants such as permanganate, hypochlorite, or iodine can
be used but the most useful is hydrogen peroxide. The reaction is catalysed by metal ions
(Fe(l1), Cu(ll), Co(ll) amongst others), ferricyanide or some metallocomplexes (hemin, hae-
moglobin and peroxidases).

In this sense, this reaction has been applied for the determination of catalysts such as metal
ions or enzymes (peroxidases, haematic compounds, etc.), certain oxidants, inhibitors or
substances that are easily oxidised and are determined indirectly by measuring the de-
creased chemiluminescence emission.

Also, luminol has been extensively used in medico-legal investigations in presumptive tests
to detect trace quantities of blood, which are not visible to the naked eye, e.g., areas inten-
tionally wiped clean of blood, washed clothes, dark surface5247, etc.

The second involves the TCPO plus the oxidant (H,0,)**® reacting to produce a proposed in-
termediate, in this example shown as a dioxetane (see equation 2.15); although, this reac-
tion probably produces many intermediates, and others, such as hydroperoxyoxalate, have
been proposed®*®” °. The intermediate, shown here as 1,2-dioxetanedione(see equation
2.15), excites a fluorophore. In this reaction 9,10-diphenylanthracene acts as the fluoro-
phore; its Amax is 425 nm in the solvent used, tetrahydrofuran. Its reaction with the interme-

diate produces the excited state product which quickly emits light.
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The process of transferring the energy of the initial reaction, the chemical reaction of hydro-
gen peroxide with TCPO, to light emission from the excited state fluorophore (fluorophore*)
can be de-excited along the way by losses in each step of the process: the initial oxidation to
produce the intermediate, the reaction of the intermediate with a fluorophore, and the re-

action of the excited fluorophore to produce light*>*.

The initial oxidation can yield the high energy intermediate or;

e TCPO can be hydrolysed instead or
e oxidation can occur that doesn't yield chemiluminescent products.

The high energy intermediate can react to excite the fluorophore or;

e the intermediate can react with a quencher more easily oxidized than the fluoro-
phore

¢ the intermediate and fluorophore can react without yielding excited fluorophore

e theintermediate can decompose or be further oxidized by residual H,0,.

Finally the excited fluorophore can lose energy by emission of light or the excited fluoro-
phore can de-excited by production of heat instead of light.

This reaction can be used to determine a great number of species such as hydrogen perox-
ide, compounds that are highly fluorescent (e.g. polycyclic aromatic hydrocarbons) or com-
pounds that do not exhibit native fluorescence but can be derivatized chemically using dan-
syl chloride (amino acids, steroids, aliphatic amines, carboxylic acids, etc.) or fluorescamine
(catecholamines)®.

The general reaction scheme can be represented by the following chemiluminescent mech-

anism
00 0—o0
| | bge (|:—c|: .
ArO-C-C-OAr + Hy0, 2ArOH + /- \ (Equation 2.13)
(@) O
1,2-dioxetanedione
||
c—¢cC
O// \O+ Fluorophore - Fluorophore* +2CO, (Equation 2.14)

1,2-dioxetanedione

Fluorophore* - Fluorophore + Light (Equation 2.15)

where Ar is an electronegative aryl group such as 2,4-dinitrophenyl or 2,4,6-trichlorophenyl.
In this work, efforts have been concentrated on liquid-phase chemiluminescence reactions
because of their importance in analysis and development of sensors.
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2.1.4.4 Liquid-Phase CL — Electrochemiluminescence Reactions

Electrochemiluminescence (ECL), also known as electro generated (CL), is the emission of
light produced by an electrochemical reaction or from an electrolytic system and is known to

be a useful phenomenon, especially in analytical chemistry”*2>*,

In electro generated, electrochemically generated intermediates undergo a highly exergonic

255 Electrochemilu-

reaction to produce an electronically excited state that then emits light
minescence excitation is caused by energetic electron transfer (redox) reactions between
electrochemically generated species (e.g. anion and action radicals). Such luminescence exci-
tation is a form of chemiluminescence where one/all reactants are produced electrochemi-

cally on the electrodes®®.

Electrochemiluminescence is usually observed during application of potential (several volts)
to electrodes of electrochemical cell that contains solution of luminescent species (polycyclic
aromatic hydrocarbons, metal complexes) in solvent (ECL composition).

Electrochemiluminescence proved to be very useful in analytical applications as a highly sen-
sitive and selective method. It combines analytical advantages of chemiluminescent analysis
(absence of background optical signal) with ease of reaction control by applying electrode
potential.

Enhanced selectivity of electrochemiluminescence analysis is reached by variation of elec-
trode potential thus controlling species that are oxidized or reduced at the electrode and
take part in the electrochemiluminescence reaction.

Figure 2.6 Tris (2,2_-bipyridyl)ruthenium(ll) (Ru(bpy)s>*).

Electrochemiluminescence (ECL) first became of interest for analytical assays with the dis-
covery in the 1970’s that tris(2,2-bipyridyl)ruthenium(ll) (Ru(bpy)s**) (Figure 2.6) emitted a
photon near 620nm when excited by an electrode held at about +1.3V (relative to
Ag/AgC|)257, 258.
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Furthermore, it was found that this reaction had fairly high quantum efficiency (2%) in wa-
ter. Previous systems that were known to exhibit ECL were only useful in non-agueous solu-
tions, like acetonitrile.

The technology has been developed into a robust analytical chemistry technique by com-
mercial vendors for use in clinical chemistry analyzers®°with [Ru(bpy)s]**attached to anti-

bodies or antigens.

The number of electrochemiluminescent reagents is also expanding rapidly. For instance, a
commercial vendor, Roche, (formerly IGEN of Gaithersburg, MD), currently sells reagents for
linking the [Ru(bpy)s]** complex to oligonucleotides, thiols, carbohydrates and carboxyls.

In all mechanisms the light emitting species is excited state, [Ru(bpy)s]***

, produced when
electrochemically generated [Ru(bpy)s]®* reacts with electrochemically generated
[Ru(bpy)s]” (Annihilation ECL); when electrochemically generated [Ru(bpy)s]® is chemically
reduced by a species other than [Ru(bpy)s]® (Oxidative-reduction mechanism); and when
electrochemically generated [Ru(bpy)s]* is chemically oxidized to [Ru(bpy)s]** followed by

annihilation ECL with [Ru(bpy)s]* (Reductive-oxidation mechanism).
2.1.4.4.1 Annihilation ECL*"*%

Electrochemical oxidation of [Ru (bpy)s]** at a positive potential (Reaction a) results in the
formation of [Ru(bpy)3]3+. Electrochemical reduction of [Ru (bPY)3]2+ at a negative potential
(Reaction b) results in the formation of Ru(l)(bpy). [Ru(bpy)s]*" and [Ru(bpy)s]" react to yield
[Ru(bpy)s]*" and electronically excited [Ru(bpy)s]*** (Reaction c). The latter emits light at 617
nm when it relaxes to the ground state (Reaction d).

Light Emission (617 nm)

Ru(mu:'w),a—L Ru(ll(bpy),

Ru(lll}bpy),

Ru(l){bpy},

E
L
E
C
T
R
o)
D
E

Ru(l){bpy),

Figure 2.7Basic mechanisms of Annihilation Electrochemiluminescence®’
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2.1.4.4.2 Oxidative-reduction mechanism>’ 2%

Electrochemical oxidation of TPA (tripropylamine) (Reaction a) results in the formation of
TPA®, which spontaneously loses a proton, forming a neutral TPA® radical (Reaction b).

Electrochemically generated [Ru(bpy)s]** is reduced by TPA® to electronically excited
[Ru(bpy)s]>™* (Reaction c), which emits light at 617 nm when it relaxes to the ground state
(Reaction d). Reaction b results in the generation of a high concentration of protons and
therefore a high capacity buffer is required to maintain the optimum pH of around 7.

Light €17 nm

|~ Runlnbpﬂriﬂ- Ru(in{bpy);
I <

[ Rugiyipy),

~—TPA

meooa-aomrm

Figure 2.8 Basic mechanisms of Oxidative-reduction Electrochemiluminescence®’

2.1.4.4.3 Reductive-oxidation mechanism®’ %

Electrochemical reduction of [RU(bPY)3]2+ at a negative potential (Reactions a) results in the
formation of [Ru(bpy)s]’. Chemical oxidation of [Ru(bpy)s]” by peroxidisulfate (S,05%) (Reac-
tion b) yields [Ru(bpy)s]®". [Ru(bpy)s]** and [Ru(bpy)s]*" react to yield [Ru(bpy)s]** and elec-
tronically excited [Ru(bpy)s]>"* (Reaction c). The latter emits light at 617 nm when it relaxes
to the ground state (Reaction d).

Light Emission (617 nm)
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S Rufl)(bpy). —
Rulibpy), =" T

E
L
E
c
T
R
o
u]
E

S RU((bRY), s~ RUNINbRY), =
SEOE 3

Figure 2.9 Basic mechanisms of Reductive-oxidation Electrochemiluminescence®’.
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In general terms, the [Ru(bpy)s]*'reaction mechanism is as follows®” %!, note that

[Ru(bpy)s]>" molecule is regenerated after the emission of each photon, enabling multiple
cycles and many photons for each [Ru(bpy)s]** molecule.

[Ru(bpy)s]**- e > [Ru(bpy)s]* (Equation 2.16)
[Ru(bpy)s]* +e~ > [Ru(bpy)s]* (Equation 2.17)
[Ru(bpy)s]** + [Ru(bpy)s]” > {[Ru(bpy)s]**} + [Ru(bpy)s]**  (Equation 2.18)
[Ru(bpy)s]*” = [Ru(bpy)s]** + light (Equation 2.19)

The advantages of CL are retained, but the electrochemical reaction allows the time and po-
sition of the light emitting reaction to be controlled. By controlling the time light emission
can be delayed until events such as immune or enzyme catalysed reactions have taken place.
Although similar control can be exercised over alternative detection methods such as fluo-
rescence, the equipment is considerably more sophisticated and expensive.

2.2 Flow Analysis (FA)

3 is the generic term which describes a group of automated sample

Flow-based analysis?®
manipulation procedures that make use of unsegmented flowing streams in micro-conduits.

Most common among these techniques is Flow Injection Analysis (FIA).

FIA is the process whereby a small segment of sample solution, is injected into a flowing car-
rier stream. This stream either contains a reagent, or the stream is merged with a reagent
stream to produce a compound which can be determined in a flow-through detector.

These zones penetrate one another as they are carried to the detector by a suitable pump.
Determination of the analyte of interest is analogous to FIA.

Flow Injection (FA) offers a very convenient and fast approach to enhance the automation
and miniaturization of reagent based assays. The automation of this principle is done in the
following way: a fluid flows continuously through a carrier.

In a simple realization this can be the reagent. Into this flow a precisely dosed amount of the
solution that contains the detectable component (sample) is injected by a valve, therefore

the term “flow injection”?%* 2%,

Although there are many variations of flow injection methods, most can be assigned to one
of three general categories: FIA, SIA, or bead injection analysis (BIA). This section briefly re-
views flow based analytical techniques such as flow injection (Fl), sequential injection (SI),
bead injection analysis (BIA) and Stopped-Flow methods.
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2.2.1 Flow Injection Analysis (FIA)

263, 266

Flow injection analysis (FIA) is a simple, rapid, and versatile technique for manipulation

of the solution/sample/reagent followed by different detection methods.

It is an analytical technique based on microfluidic manipulation of samples and reagents.
Samples are injected into a carrier/reagent solution which transports the sample zone into a
detector while desired (bio) chemical reactions take place. Detector response (absorbance,
fluorescence, mass spectra, etc.) yield a calibration curve quantifying the target analyte®®’.

S
. Sample .
Sampling —_— [ Processing ]_> [ Detection
. N\ .
Carrier Stream g.l?etmlstry UV-VIS Absorption
Mlu 1on Fluorescence
E 'X'_nﬁ i Mass Spec.
nrichment InfraRed
Solvent Extraction H
Medium Exchange e
. A Sensors
Matrix Modification
\_ Y, \_ /

Figure 2.10 Generic description of Flow Injection Analysis (FIA)

Flow injection analysis (FIA) was first described in Denmark by Ruzicka and Hansen in
1975%%. Since then the technique has grown into a discipline covered by 20 monographs and

910,268 Tha scope of the method has grown from serial

more than 20,000 research papers
assay of samples to a tool for enhancement of performance of spectroscopic and electro-
chemical instruments. The method has been widely adopted by researchers, and is gaining
greater acceptance in industry as a fast approach to the analysis of waters, wastewaters,
sediments and biota, clinical and biochemical samples, drugs, food and beverages, and agri-
cultural products. Other fields include monitoring of chemical processes in real time, bio-
technology, immunoassays including antibody/antigen reactions. Flow manifolds have be-

come widely used in analytical chemistry with chemiluminescence detection.

There are different flow systems possible. One of these is a segmented flow system. A tech-
nique that uses air bubbles to create segments of fluid with air in between - it involves the
separation of sample and a wash solution by air bubbles in order to avoid cross contamina-
tion between samples. In a segmented flow system, turbulent flow conditions apply, com-
plete sample dispersion occurs, and a steady-state condition is attained prior to analyte de-
tection. Sample throughput in segmented flow system is therefore generally slower than in
flow injection analysis, although the former has until recently been more amenable to multi-
channel, multi-parameter analysis. One segment now can be transported through the sys-
tem like a mini reactor. The air bubbles have to be removed, just before the detector.
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Flow injection analysis consists of a multichannel peristaltic pump that propels the carrier
stream through a narrow tube, an injection valve by which a specific and reproducible vol-
ume of a sample solution is injected into the carrier stream, a coiled reactor where the sam-
ple zone disperses and reacts with the reagent from the carrier stream of which the product
passes through a detector for CL such as a classical high voltage photomultiplier tube (PMT).

The assemblage of flow tubing, mixing coils, injection valve, etc., in a given configuration,

used in a flow injection analysis system is referred to collectively as a manifold. A simple two

269, 270

line manifold is shown in figure 2.11 using the common symbolic notation.

Sample

Reaction coll Detector

CalTier m—

Pump | Infecton e | 51

valve

—

REA0EN] e

Confluance
poit

Figure 2.11 Schematic diagram of a typical Two Line Flow Injection Analysis Manifold

Some modern flow injection analysis systems may include additional components such as a
flow through heater to increase the speed of chemical reactions, columns for sample reduc-
tion, debubblers, and filters for particulate removal.

Reagents may be added at various confluence points and these mix with the sample zone
under the influence of radial dispersion, to produce reactive or detectable species which can
be sensed by any one of a variety of flow-through detection devices.

The height or area of the peak-shaped signal thus obtained can be used to quantify the ana-
lyte after comparison with the peaks obtained for solutions containing known concentra-

tions of the analyte®”.

Figure 2.12 shows a typical detector output of flow injection analysis that is a plot of the re-
sponse of the detector against time, a peak with height H, area A and width W, both of
which carry key analytical information. The residence time T on the figure is the time during

which the chemical reaction takes place and is related to peak height H ¥ 1% 26>,
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Figure 2.12 Typical Detector Output of a Flow Injection Analysis (FIA) System.

where A: Peak area; t,: Peak width at baseline; Ciax: Maximum Concentration of the analyte;
W: Peak width; H: Peak Height; S: Injection Point.

However, the response curve and the ability for a FIA system to produce a high sample
throughput depend on dispersion (or mixing) of the sample in a flow injection system, which
is caused by two phenomena: convection and diffusion. The sample undergoes dispersion
when it is transported through the flow system.

As stated previously, the control of dispersion is the most important aspect of flow injection
system - it is defined as the dilution of a sample volume injected into a flowing stream. It is
clear that a high dilution (large dispersion) reduces the sample throughputm. Ruzicka and
Hansen defined dispersion as the amount that the chemical signal is reduced by injecting a
sample plug to into a flow injection analysis (FIA). Mathematically, this can be represented

as follows 0 26> 268,

D = Co/Cimax (Equation 2.20)

where D is the dispersion coefficient at the peak maximum produced by the ratio between
C, (the initial concentration of the sample), and Cmax (the peak concentration of the analyte).
After the injection the carrier stream transports the injection plug to the detection cell. The
sample zone is progressively dispersed into the carrier, initially by convection, and later by
axial and radial diffusion, as it is transported along the conduit under laminar flow condi-

: 10, 265, 267
tions .

Flow injection systems are categorized 9, 10, 265, 267, 268 4o high, medium, and low dispersion
systems depending on the degree of dispersion of the injected zone at the read out point.
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Except when preconcentration is performed, the dispersion value must always be greater
than unity. Flow injection systems with 1<D<3 are classified as having limited dispersion, and
are used in conjunction with high sensitivity detection systems such as ion selective elec-
trodes, atomic spectroscopy, CL detection, etc. where minimal sample dilution is necessary.

Flow injection systems with 3<D<10 are classed as medium dispersion, and are most com-
monly used in systems where significant sample and reagent mixing is required, as is the
case for methods involving spectrophotometric, fluorimetric, etc.

Large dispersion systems (D>10) are used where extensive mixing between sample and rea-
gent is required, such as for flow injection titrations.

The main experimental parameters influencing the dispersion of an injected fluid zone in-
clude sample volume, flow rate of carrier and merging fluid streams, geometrical dimensions
and configuration of transport conduits and on line reactor.

The volume of the injected fluid zone, which most cases is the sample, is important factor

influencing its dispersion. The dispersion decreases with an increase in sample volume?®> 2%,

Flow injection analysis is based on three principles which are critical for its successful opera-
tion and application; (1) reproducible timing, (2) reproducible sample injection, (3) partial

and controlled dispersion of the sample zone* >,

Because the length of the manifold tubing remains constant and carrier and reagent flow
rates vary little during transport of the sample zone from injection to the point of detection,
the period for sample zone transport and mixing will be highly reproducible. Reproducible
sample injection is achieved by the use of an injection valve with an injection loop of a de-
fined volume.

Partial and controlled dispersion of the sample zone is critical for successful analysis - it pro-
vides the mechanism for mixing between sample and reagents, and prevents cross contami-

268 chemiluminescence is usually detected in low disper-

nation between successive samples
sion systems. Under these conditions, response will be increased if the CL is produced over a

shorter time period.

2.2.2 Sequential Injection Analysis (SIA)

Sequential Injection Analysis (SIA)*® is the second generation of FIA compatible assays — it

was “born” in 1990 by J. Ruzicka and G.D. Marshall. >’1. At that time, Flow Injection Analysis
was becoming a widely accepted and rapidly evolving technique in most academic analytical
chemistry laboratories. Sharing many characteristics with FIA, some would argue that it is
simply an extension of FIA.




Nevertheless, more than 1000 journal articles have been published on SIA since the first pa-
per in 1990. While, like FIA, it is fundamentally dependent on the dispersion of zones in a

flowing stream, conceptually, the practice of SIA is different from FIAZ6% 270,

Sequential Injection Analysis (SIA) is the recommended approach for online and remote site
monitoring, where robustness and low reagent consumption is critical. Sequential Injection
is also ideal for biomolecule assays such as Enzymatic Assays and Bioligand Interaction As-
says 269, 270, 272—277.

This approach to automated sample manipulation arose from a need to simplify manifolds
and address the unique requirements of the field of process analysis. In SIA, a selection valve
and bi-directional pump is used to draw up small volumes of sample and reagents, and then
propel them through a coil to a detector.

Again, the process causes mixing of the sample and reagent segments leading to chemistry
that forms a detectable species before reaching the detector.

209:270 of 3 single-channel high precision bi-

Sequential Injection Analysis (SIA) usually consists
directional pump, a holding coil, a multiposition valve, and a flow through detector. The sys-
tem is initially filled with a carrier stream into which a zone of sample and a zone of rea-

gent(s) are sequentially aspirated into a holding coil, forming a linear stack.

e 25161

Carrie! mm—PUTD

Muti-position
selection valve

Sample

Reagent

Figure 2.13 Schematic diagram of a Simple Sequential Injection Manifold

These zones become overlapped due the parabolic profile induced by differences between
flow velocities of adjacent streamlines. Flow reversals and flow acceleration further promote
mixing. The multiposition valve is then switched to the detector position, and the flow direc-
tion is reversed, propelling the sample/reagent zones through the flow cell. The advantage
of SIA over the more traditional flow injection analysis (FIA) is that SIA typically consumes
less than one-tenth the reagent and produces far less waste — an important feature when
dealing with expensive chemicals, hazardous reagents, or online/remote site applications.
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One disadvantage of SIA is that it tends to run slower than FIA?®® 2’°, The following diagram

can be used to describe the basic components and principles of SIA (Figure 2.13).
2.2.3 Bead Injection Analysis (BIA)

The bead-injection (BI) technique®® is the combination of the use of beads with a flowing
stream of solution in a Fl system. Beads are utilized as solid surfaces to preconcentrate or
extract the analyte or to accommodate a chemical reaction.

The use of beads for sample pre-treatment, such as preconcentration, isolation, and separa-
tion, and for accommodation of chemical reactions has attracted increasing interest. Beads
can be used as a removable solid surface in many analytical applications. It is very practical
to use beads in a flow-based system, where beads can easily be moved in and out of the sys-
tem using a flowing stream of reagent(s).

The bead-injection technique was first introduced to be used with a sophisticated computer-
controlled sequential injection analysis system. There is no need to regenerate the bead sur-
faces because they are discarded after each use and are replaced by fresh ones. This helps to
reduce the risk of contamination, denaturation, and system fouling, and also makes it possi-
ble to operate Bl in the continuous flow system even if no suitable eluent for bead cleaning
is found possible?’® 27°.

BS

BHC
PEEK rod
C
—_—

SP

Figure 2.14 lllustration of a typical sequential injection lab-on-valve (SIA-LOV-BI) system.
C = carrier, SP = syringe pump, HC = holding coil, SV = three-way solenoid valve, S = sam-
ple, BS = bead suspension, BHC = bead holding chamber, W = waste. Port 1: bead waste;
port 2: bead-holding chamber; port 4: bead suspension; port 5, sample; ports 3 and 6 are
not used in this particular setup.




Early Bl techniques were coupled with the sequential injection analysis technique®*°. Beads
were retained in a specially designed jet ring cell that lets only the solution pass through.
There are two different forms normally employed. Micro-beads may first be trapped in a
flow cell or column and then physically or chemically retain the analyte of interest. Upon
eluting with a suitable solvent, the solution of the analyte is detected downstream.

281,282 Another

form is on-bead detection, where the change on the surface of the beads after interacting

There are examples of applications with this form of detection using ETAAS

with the analyte is monitored directly using the detector located at the flow cell, or by
transporting the beads into the detector. There are a number of examples of this form of
detection using fibre-optic spectrofluorometry®®, fluorescence microscopy***and ETAAS?®>.

The SIA system has also been further developed into the lab-on-valve (LOV) system that
comprises specially designed micro-channels on a piece of plastic integrated as a part of the
multi-channel valve?®.

The Bl technique can be coupled to the SIA-LOV system and can be used in various applica-

288

tions, such as environmental studies, immunoassay5287, and biological studies™". Beads can

be trapped in an adjustable volume channel on the LOV.

Now, commercially available, LOV can be adjusted into two different volumes or path-
lengths by moving the optical fiber. Detection can be done directly on the beads with the
optical fibres that are made to fit the channel or can be done downstream via the eluted
sample.

The main advantage of the SIA-LOV-BI system is that the micro-miniaturization of on-line
sample pre-treatment and detection can be done automatically with various types of detec-

108, 289, 290
tors .

2.2.4 Advantages of Flow-based analysis

e Applicable to a broad range of compounds by using a variety of simple photometric and
electrochemical detectors.

e Low instrumentation costs.

e Low scheduled maintenance requirement.

e Unattended automated operation over an extended period of time provides a detailed
picture of analyte profiles. This detailed information is not available when grab samples,
or even composites, are taken and analysed at a later time and remote location. Unstable
compounds can be measured in-situ.

e Accurate and precise sample manipulation.

e Quality control measures can be included to assure the integrity of the analytical results.
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e A wide range of useful manifold components allow complex operations such as dilution,
trace enrichment, gas permeation, dialysis, and several others to be incorporated into the
analyser manifold.

e Constant flushing of the manifold lines minimizes the risk of fouling.

2.2.5 Components of a Flow Injection Analysis System

The assemblage of flow tubing, mixing coils, injection valve, etc., in a given configuration,
used in a flow injection analysis system is referred to collectively as a manifold. The basic
and major components of a flow injection analysis system are briefly described in this sec-
tion.

Although there may be some variations design which can be acceptable, the common and
essential characteristic for all components is that they can carry out their intended tasks re-
producibly.

2.2.5.1 Pumps*®®

Pumps represent a propulsion system for delivery of carrier and reagent solutions. This is
most frequently a peristaltic pump®®®, typically with the capacity to pump between four to
eight carrier/reagent lines.

Reciprocating piston pumps used for liquid chromatography, and gas pressure or gravity-fed
delivery systems may also be employed. Flow rates used in flow injection analysis systems
typically vary from 0.5 - 4 ml.min™. Peristaltic pumps are a type of positive displacement
pump used for pumping a variety of fluids. The fluid is contained within a flexible hose or
tube fitted inside the pump casing. The actual pumping principle, called peristalsis, is based
on alternating compression and relaxation of the hose or tube, drawing content in and pro-
pelling product away from the pump as shown in figure 2.14.

This process makes a peristaltic pump an accurate dosing pump or metering pump, with an
equal amount of liquid dosed each time. The liquid being pumped never comes into contact
with any moving parts because it is totally contained within the re-enforced hose or tube. A
rotating shoe or roller passes along the length of the hose or tube creating a total seal be-
tween the suction and discharge sides of the pump. As the pump’s rotor turns this sealing
pressure moves along the tube or hose forcing product to move away from the pump and
into the discharge line. Where the pressure has been released the hose or tube recovers
creating a vacuum, which draws the product into the suction side of the pump, the priming
mechanism.

Combining these suction and discharge actions results in a self-priming positive displace-
ment pump, the peristaltic pump.
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The perfect seal between the two sides of the pump means that there is no product slip,
when coupled with the pump’s linear speed-flow characteristic it makes peristaltic pumps
ideal for dosing.

Additionally, as the pumped liquid is totally contained within the hose or tube, this makes a
peristaltic pump a hygienic pumping solution with zero chance for contamination. This also
reduces maintenance time as the hose or tube is the only wearing part.

Peristaltic pumps provide excellent problem solving pumping solutions especially when the
product being pumped is particularly abrasive, corrosive or viscous. Their lack of valves, seals
and glands makes them inexpensive to maintain the only maintenance item is the hose or
tube. Peristaltic pumps also have a gentle pumping action, ideal for shear sensitive polymers
and fragile cell cultures. Lastly, the only part of the pump in contact with the fluid being
pumped is the interior of the tube or hose, making it easy to sterilise and clean the inside
surfaces of the pump. Note that tubes need to be replaced regulary as they do become dis-
torted.

FlowIn —>»
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Figure 2.15 Peristaltic Pump Concept
2.2.5.2 Injection valve

Precision in FIA is dependent on accurate and reproducible injection. An injection valve is a
sample injection device for reproducibly introducing a small volume of sample into the flow-
ing carrier or reagent stream.

The most common injection device is a low pressure rotary 6-port injection valve (Figure
2.16)**, the injection volume of which can be varied by changing the size of the attached
injection loop. These may be operated manually, or actuated pneumatically or electrically.
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Other injection systems used include the syringe flap-valve, solenoid-actuated commutator
valves, coupled solenoid valves, or hydrodynamic injection achieved by a combination of in-
termittent pumping of carrier and sample. The injector may be connected to an autosampler
for fully automated operation.
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Figure 2.16 Six-Port Injection Valve. The valve configurations are shown in LOAD and IN-
JECT positions.

2.2.5.3 Manifold design

As mentioned previously, a manifold is defined as an assemblage of flow tubing, mixing coils,
injection valve, etc., in a given configuration, used in a flow injection analysis system. Flow
Injection analysis systems can be configured in a wide variety of different modes, depending
on the desired application. The simplest design is the single-stream manifold in which a
stream containing reagent is pumped through the system. A volume of sample is injected
into the stream and dispersion causes mixing of the reagent with the sample zone leading to
chemistry between analyte and reagent as the zone passes through the reactor and detec-
tor. For situations where economy of reagent use is required, or there is an abundance of
sample, such as oceanographic analysis, or continuous wastewater monitoring applications,
reagent injection, or reverse flow injection analysis (Figure 2.17) may be employed. This en-
tails the injection of reagent into a continuously pumped stream of sample, and results in
economical use of reagents.

The tubing in which dispersion occurs is typically 0.5 to 1.0 mm internal diameter of a chem-
ical inert material such as PTFE. Mixing of reagents is achieved using Y or T pieces of chemi-
cally stable material.

For chemiluminescence applications, where limited dispersion is required, the narrower tub-
ing diameters, up to 0.5 mm id are preferred. Where delays are required, for slow reaction
to take place, delay coils of dispersion tubing are used. Generally reactor tubing is wound in
coils, however more complex formats such as knitted open tubular reactors have been rec-

ommended, in order to reduce dispersion while achieving adequate radial mixingg’ 292
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FIA systems are generally low pressure and push fittings are often sufficient for linking tubes,
however, flanged and ferrule joints are also used. Joints must be smooth to avoid disturb-
ances for laminar flow®.

R

Figure 2.17 Schematic diagram of a reagent injection Manifold
where C, carrier solution; D, flow through detector; P, pump; R reagent solution; S, sample.
2.2.5.4 Detection Systems

The detection module in a FIA system depends on the product that has to be detected. FIA
system can use whole arsenal of detection methods of modern analytical chemistry. While
the interface between a flow injection system and a conventional detector is a commercial
or laboratory-made flow cell, the interface to the high resolution detector has a decisive in-
fluence on the performance of the hyphenated system, as analytical quality parameters such
as reproducibility, accuracy, sensitivity and selectivity are highly dependent on how the cou-
pling is accomplished.

The complexity of the interface is very different depending on whether the measurement is
performed in solution, plasma, or vacuum.

Optical detectors, including fluorescence and UV/VIS spectrophotometry, are the most
common detection techniques, for biomolecular assays and for trace analysis of inorganic
and organic molecules, used in FIA systems. And many reactions that convert the analyte (to
suitable form for detection) to products which absorb light in visible or ultraviolet, or are
fluorescent, have been automated in flow injection format.

9, 293 9, 294

and organics species such as glucose”
9, 296

Examples of analytes include cations , anions

29 Metals are also commonly detected by atomic absorption spectrometry
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Spectrophotometric detector systems, including fluorometer which is optimal for very low
level fluorometric and chemiluminescence assays, and the spectrometer which is optimal for
absorbance assays from the UV through the NIR range are principal detectors of most of
commercial FIA instrumentation.

Although FIA can be coupled to any detection system capable of flow-through operation
covering a range that extends from simple LED-based optical systems to sophisticated mass
spectrometers, UV—vis spectrophotometry seems to be the technique of choice for Fl phar-
maceutical applications. UV-vis spectrophotometry offers the advantages of simple, low
cost instruments that are available at all laboratories.

Running costs are minimal and no highly-skilled personnel are required for their operation.
Another significant advantage is that pre-existing batch instruments can be easily converted

to flow-through by either home-made or commercially available cells*’.

Although usually a photometric absorption detector is used, electrochemical detectors (po-
tentiometry), atomic spectroscopy (AAS and AES) or mass detectors are also being used.

Electrochemical detectors in FIA systems, based on potentiometric, amperometric and con-
ductimetric measurements, have been widely used for trace analysis of electroactive mate-
rials. The most common method is amperometric detection with a single disk (or plate) elec-
trode maintained at constant potential298.

Recently, much attention has been focused on electrochemical flow-through voltammetric
detection with scanning potentials in order to obtain three-dimensional information (such as

time, potential and current)?®.

Electroanalytical techniques are more prolific in innovations due to the wider possibilities for
the design of probe-sensors that can easily be converted into flow-through sensors by inser-
tion in the appropriate flow cell. Both voltammetric and amperometric measurements have
been implemented in FI from the very beginning of the technique. Both conventional and
new excitation modes have been applied to both commercial unmodified and chemically
modified electrodes.

The conventional FI methods have been proposed for the determination of a number of ana-
lytes, such as trace metals, glycerol and acid phosphatase activity. Fast-scan and dual-pulse
voltammetries have been used in Fl for selective determination of methylmercury and etha-
nol in beer. Arrays of gold microelectrodes modified by electrodeposition of palladium for
the determination of ascorbic and uric acids in urine or by electrocatalysis for carbohydrates
and amino acids have also been reported. Stripping modes of electroanalysis have been
coupled with Fl as a means of preconcentrating the analyte, removing the sample matrix,
and performing simultaneous determinations.
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Fl-stripping also gives other advantages, such as (a) in situ regeneration of film-mercury elec-
trodes by passage through the flow cell of the appropriate dissolution of Hg(ll) using a
switching valve for introduction; (b) ability to exchange the stripping solution in order to
avoid interferences during this step; and (c) ability to stop the flow during stripping for in-
creasing reproducibility. In stripping voltammetry, mercury film electrodes have been the
most commonly used due to their ability to regenerate the film in a continuous way.

Potentiometric stripping has most often used in situ formation of the amalgam by introduc-
ing the Hg(ll) to the sample. Adsorptive stripping voltammetry with different types of elec-
trodes depending on the analyte nature and different voltammetry modes has also been
coupled with FI to produce significant integrating effects. An example of this phenomenon is
a calibrationless determination of mercury based on FI stripping coulometry. Conductimetry
and coulometry are less frequently coupled with FI.

Due to the short analysis time and feasibility for on-line system, flow-based systems have
become one of the most power analytical tools in recent years. Various types of detection
modes are applied to flow analytical techniques, and atomic absorption spectroscopy is one
that is most commonly used sensors.

Flow analytical techniques coupled with AAS comprise those involving flow separation
and/or preconcentration. For the ideal of on-line preconcentration, Cerutti and co-workers
299 have described an on-line flow injection preconcentration-electrothermal AAS for the de-
termination of traces of cobalt in drinking water.

2.2.5.4.1 Flow Injection Analysis and Chemiluminescence Detection

Chemiluminescence detection has been used extensively in procedures based on flow injec-
tion analysis (FIA) methodology'!, due in part to the excellent sensitivity and wide calibration
ranges that have been obtained for diverse classes of analytes. Moreover, the instrumenta-
tion is simple, essentially comprising a reaction vessel or conduit with a transparent surface,
mounted against a photodetector. The emission of photons from a chemiluminescence reac-
tion is transient and occurs at a rate that is dependent on both the kinetics of the chemical
reaction and the physical processes of solution mixing.

For the greatest sensitivity, the instrument manifold and the flow cell should be configured
to maximize the emission and detection of light when the reacting mixture passes through
the cell®.

For relatively fast chemiluminescence reactions, such as the oxidation of organic molecules

3% the analyte and

by acidic potassium permanganate’ or tris(2,2’-bipyridine)ruthenium(ill)
reagent solutions should merge at (or close to) the point of detection. In addition, the dead

volume should be minimized to ensure rapid rinsing of the cell between analyses.
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A variety of chemiluminescence detection cells have been described®’. The most commonly
used configuration consists of a coil of glass or polymer tubing (normally 0.5-1.0 mm i.d.)
mounted against a photomultiplier tube within a light-tight container. Solutions merge at a

T- or Y-shaped junction shortly before entering the coil?* 3%,

As mentioned before, the most frequently used reagent for CL detection in FIA is luminol,
which, when oxidised to 3-aminophthalate produces blue chemiluminescence. The luminol
CL reactions coupled with flow injection analysis have been used to determine reducing
agents, such as uric acid, ascorbic acid, cortisone, fructose and glucoselo.

Some transition metal ions, and also a number of organic species, have a catalytic or an in-
hibiting effect on the luminol reaction with hydrogen peroxide, or oxygen, this is used for
analytical determination. Luminol can be used for the very sensitive detection of hydrogen
peroxide, in the presence of Cu(ll) or Co(ll). Several systems have been developed for the
determination of transition metal ions. Determinations of Co(ll) and Fe(ll) are based on the
catalytic effect these ions on luminol oxidation with hydrogen peroxide.

The same effect has been used in the determination of gold as tetrachloroaurate(lll) in a re-
versed micellar system. Determinations of Zn and Cd have been based on their inhibition of
the cobalt-catalysed generation of CL from luminol.

In addition to the use of luminol and peroxyoxalate, several applications in FIA CL have been
reported for lucigenin. Luminescence is produced by the addition either hydrogen peroxide
or an organic reducing agent to an alkaline solution of lucigenin. Chemiluminescence of acri-
dinium esters (AE) was used for flow injection analysis of H,0, in Natural Waters®®.

The most commonly used detectors in CL detection are the photomultiplier. Photodiode ar-
ray (PDA) systems, charge-coupled devices (CCD) and photographic methods are also used.

Systems available for detection of chemi- and bioluminescence have been reviewed” **,

2.2.5.4.2 Photomultipliers Tube (PMT)

A PMT tube converts light into an electrical signal, and then amplifies that signal to a useful
level by emission of secondary electrons. PMTs have traditionally been the workhorse detec-
tor in luminometers.

A typical photomultiplier consists of a photoemissive cathode (photocathode) which con-
verts light flux into electron flux, an electro-optical input system which focuses and acceler-
ates the electron flux, followed by an electron multiplier consisting of a series of secondary-
emission electrodes (dynodes) and, finally an anode which collects the electron flux from the
multiplier and supplies the output signal. The two phenomena fundamental to the operation
of a photomultiplier are photoemission and secondary emission.
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There are a number of factors that determine the performance level of PMT tubes. These
include spectral response range, sensitivity, rise time, applied voltage, and gain.

The spectral response range of incident light the photomultiplier tube detects is also called
the wavelength range. Sensitivity is a measure of the effectiveness of a detector in produc-
ing an electrical signal at the peak sensitivity wavelength. Rise time equates to the time
necessary for the photomultiplier tubes’ output to go from 10% to 90% of its final value.
Applied voltage is the anode-to-cathode voltage of the photomultiplier tube. Gain is the fac-
tor by which the current generated by a photon is increased before the signal is detected,
also known as current amplification.

As mentioned previously, PMTs have a high internal gain and are extremely highly sensitive
detectors for low-intensity applications such as fluorescence spectroscopy.

In the photosensor field, photomultiplier tubes are known to have particularly high sensitivi-
ty, a broad dynamic range and applicability over a reasonably broad spectral range. PMT also
have many advantages such as high-speed response time (1-15 ns), wavelength range (110-
1100 nm), and quantum efficiency 1-10% (Q.E., number of electrons ejected by the photo-
cathode/number of incident photons). Photomultiplier tubes have high bandwidth and
noise-free gain on the order of a million. This makes them ideal for the detection of ex-
tremely low light or short pulses of light.

PMTs do have low dark currents leading to excellent signal to noise for low intensity sam-
ples. Some types of photomultipliers are designed to filter out some of the noise, which
would negatively impact upon their ability to detect light. It is the dark current which limits
instrumental contribution to the limit of detection.

Two types of filters include dark current protection and noise equivalent protection (NEP).
Dark current is associated with a detector during operation in the dark with an applied volt-
age. Increased temperature and applied voltage will result in increased dark current. Also,
larger active areas will generally have a higher dark current.

NEP deals with the power of incident light, at a specific wavelength, required to produce a
signal on the detector that is equal to the noise.

PMT based systems operate in two basic modes, single photon counting and current sensing.
There are examples of hybrid systems which are single photon counting to a light level in the
low millions of photons/second and then switch to current sensing above that level.

PMT single photon counting systems are capable of exquisite sensitivity. Use of this type of
detector is the method of choice for low light detection and quantitation as in, for example,
detecting the ultra-weak luminescence associated with phagocytosis. The greater sensitivity
comes at a cost however. Sample housings must be very light-tight. Moderate light levels
saturate the detector; high levels can cause irreversible damage to the PMT.
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PMT current sensing systems are also capable of excellent sensitivity and will often read
higher light levels than single photon counting systems without damage.

There are differing opinions in the chemiluminescence instrumentation field regarding which
system is "better", current sensing or single photon counting.

In a modern luminometer, both systems achieve excellent sensitivity and are easy to use. A
proper understanding of the characteristics of each system should allow the user to choose
the one best suited to the application.

There are two main types of PMT tubes, side-on photomultipliers and end-on Photomultipli-
ers. Side-on detectors are more economical than end-on models, and have the faster rise
times. They are ideal for photometry and spectrophotometry applications. The main disad-
vantage of these PMT tubes is their no uniform sensitivity. End-on photomultiplier tubes,
sometimes known as head-on photomultipliers, offer better spatial uniformity and photo-
sensitive areas from tens of square millimetres to hundreds of square centimetres.

Photomultipliers commonly used for chemiluminescence FIA systems have a good sensitivity
in the range of 300 to 700 nm, which is appropriate for luminol Ay« 425 nm and potassium
permanganate Aynax 680 nm. Many PMTs are supplied with two possible detectors. We do
have the red sensitive PMTs which are better for manganese chemiluminescence systems.

2.2.5.4.3 Photodiode Systems

Photodiodes are solid state photodetectors, semiconductor light sensors that generate a
current or voltage when illuminated by light. The term photodiode can be broadly defined to
include even solar batteries, but it usually refers to sensors used to detect low levels intensi-
ty of light.

When a photon strikes a semiconductor, it can promote an electron from the valence band
(filled orbitals) to the conduction band (unfilled orbitals) creating an electron(-) - hole(+)
pair.

The concentration of these electron-hole pairs is dependent on the amount of light striking
the semiconductor, making the semiconductor suitable as an optical detector. There are two
ways to monitor the concentration of electron-hole pairs.

In photodiodes, a voltage bias is present and the concentration of light-induced electron-
hole pairs determines the current through the semiconductor. Photovoltaic detectors con-
tain a p-n junction that causes the electron-hole pairs to separate to produce a voltage that
can be measured.

The photodiode spectral response can be in the X-ray, UV, visible, or IR regions. X-ray pho-
todiodes are optimized for X-ray, gamma ray, and beta radiation detection. The photodiode
spectral response can be measured in X-ray, UV, visible, or IR.
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X-ray photodiodes are optimized for X-ray, gamma ray, and beta radiation detection. UV en-
hanced photodiodes are optimized for the UV and blue spectral regions. Visible photodi-
odes operate in the visible range without enhancement for operation in UV or IR. IR en-
hanced photodiodes are optimized for the near IR spectral region.

Photodiode arrays are packaged as multiples. Photodiode arrays will contain a certain num-
ber of elements (Photodiodes). Some photodiodes can be a position sensitive detector. Im-
portant photodiode performance specifications to consider include sensitivity, rise time,
guantum efficiency, and operating temperature.

Sensitivity is a measure of the effectiveness of a detector in producing an electrical signal at
the peak sensitivity wavelength. Rise time is the time necessary for a detector's output to go
from 10% to 90% of its final value. A photodiode's capability to convert light energy to elec-
trical energy, expressed as a percentage, is its quantum efficiency.

Photodiodes can have a noise factor. This is measured as the dark current and noise equiva-
lent power. Noise equivalent power is the power of incident light, at a specific wavelength,
required to produce a signal on the detector that is equal to the noise.

Common materials of construction for photodiodes include silicon, indium gallium arsenide,
germanium, gallium nitride, and silicon carbide.

Photodiodes can be classified by function and construction as follows: PN photodiode, PIN
photodiode, or APD (Avalanche photodiode). All of these types provide the following fea-
tures and are widely used for the detection of the intensity, position, colour and presence of
light. PN photodiodes feature a two-electrode, radiation-sensitive PN junction formed in a
semiconductor material in which the reverse current varies with illumination.

PIN photodiodes are diodes with a large intrinsic region sandwiched between p-doped and
n-doped semiconducting regions.

Photons absorbed in this region create electron-hole pairs that are then separated by an
electric field, thus generating an electric current in a load circuit.

When the device's reverse-bias voltage nears breakdown level, the hole-electron pairs col-
lide with ions to create additional hole-electron pairs, thus achieving a signal gain.

Silicon photodiodes convert light into an electrical signal. This conversion occurs when pho-
tons having more energy than the bandgap of the detector material are absorbed, exciting
an electron from the valence band of the semiconductor to the conduction band, where it is
read out as signal.

Silicon photodiodes are suitable for precision photometry, making them useful in medical
instrumentation, analytical instruments, semiconductor tools and industrial measurement
systems.




Avalanche photodiodes use the same process, but they generate internal gain using an ava-
lanche multiplication process. An avalanche region is produced within the APD, creating an
area of very high electric-field strength.

When a photogenerated (or thermally generated) electron in the conduction band moves
into the avalanche region, the electric-field strength is sufficient to accelerate it to the point
at which it can cause “impact ionization” and liberate another electron.

Both of these electrons can be accelerated as well, creating an avalanche multiplication. This
process results in detector gain. Typical gains for an APD are in the range of ten to a few
hundred.

Photodiodes are capable of recording higher light intensities than photomultiplier tube de-
tectors. This facet makes them an excellent choice for applications where high light intensi-
ties are to be measured. However, the inherent dark current in solid state detectors is gen-
erally much higher than that of photomultiplier tubes.

One method of mitigating this problem is to cool the solid state detector via a thermoelec-
tric cooler. Dark currents in solid state detectors drop dramatically with temperatures in the
0 to -30 degree Celsius range. Cooled detectors can then be used to integrate the light inten-
sity for one to hundreds of seconds without the signal being overwhelmed by dark current.

Silicon photodiode detector has been used with chemiluminescence FIA systems. It has the
advantages of being robust, stable, does not require a high voltage, and has a response over
a wide range including red region. Although its sensitivity is less than that of a PMT, it has
been used for the measurement of biocompounds in the industrial field™® 3%.

A miniaturised and integrated sensor accommodating both the electrodes and photodiode

on the same silicon chip has been applied for the electrochemiluminescent measurements

of codeine® 3%,

2.2.5.4.4 Charge-Coupled Devices (CCD)

A CCD is best described as a semiconductor image chip, one face of which is sensitive to
light, this is an array of light-sensitive pixels that are electrically biased so that they generate
and store electrons - electric charge - when illuminated with light. The amount of charge
trapped beneath each pixel directly relates to the number of photons illuminating the pixel.
This charge is then "read out" by changing the electrical bias of an adjacent pixel so that the
charge travels out of the sensor, is converted into a voltage and is then digitized into an in-
tensity value. This action is performed for each pixel, to create an electronic image of the
scene. The integrated-circuit chip contains an array of capacitors that store charge when
light creates e-hole pairs. The charge accumulates and is read in a fixed time interval. In an
imaging CCD the charge is generated by received photons, either optical or X-ray.
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CCDs are used in similar applications to other array detectors such as photodiode arrays, alt-
hough the CCD is much more sensitive for measurement of low light levels.

The principal advantages of CCDs are their sensitivity, dynamic range, linearity and good
resolution but, are expensive and require extensive data handling capacity.

The sensitivity, or quantum efficiency, is simply the fraction of photons incident on the chip,
which is detected. It is common for CCDs to achieve a quantum efficiency of about 80%.
CCDs are also sensitive to a broad range of wavelengths and they are much more sensitive to
red light than photomultiplier tubes used in photoelectric photometers. However, they have
a poor response to blue and ultra-violet light. CCDs are sensitive to a wide range of light lev-
els: a typical dynamic range (that is, the ratio of the brightest accurately detectable signal to
the faintest) is about 10°, corresponding to a range of about 14.5 magnitudes.

The corresponding figure for a photographic plate is a range of less than about 1000 corre-
sponding to 7.5 magnitudes. Furthermore, within this dynamic range the response is essen-
tially linear: the size of the signal is simply proportional to the number of photons detected,
which makes calibration straightforward.

305-308

2.2.6 Miniaturization through lab-on-a-chip (LOC)

Lab-on-a-chip (LOC), also known as a "Micro Total Analysis Systems" (UTAS) or microfluidics
device is a term for devices that integrate and scale down (or miniaturized) all the stages of
chemical analysis including sample pre-preparation, chemical reactions, analyte separation,
analyte purification, analyte detection, and data analysis on a single microprocessor chip of
only millimetres to a few square centimetres in size and that are capable of using extremely
small fluid volumes on the order of nano to pico litres. Microfluidics is a broader term that
describes also mechanical flow control devices like pumps and valves or sensors like flowme-
ters and viscometers.

However, strictly regarded "Lab-on-a-Chip" indicates generally the scaling of single or multi-
ple laboratory processes down to chip-format, whereas "uTAS" is dedicated to the integra-
tion of the total sequence of laboratory processes to perform chemical analysis. The term
"Lab-on-a-Chip" was introduced later on when it turned out that uTAS technologies were
more widely applicable than only for analysis purposes.

The ability to perform laboratory operations on a small scale using miniaturized (lab on-a-
chip) devices is very appealing. Recently, lab-on-a-chip devices have attracted great interest
due to many advantages over conventional macro scale instruments, such as ease-of-use
and portability, speed of analysis, low sample and reagent consumption, high reproducibility
due to standardization and automation of chemical analysis, high-throughput screening, and
online analysis.



http://elchem.kaist.ac.kr/vt/chem-ed/optics/detector/pda.htm

Microfluidic systems have diverse and widespread applications. Lab-on-a-chip devices can be
used to obtain a variety of interesting measurements including molecular diffusion coeffi-
cients, fluid viscosity, pH, chemical binding coefficients, enzyme reaction kinetics, etc. Other
applications for microfluidic devices include capillary electrophoresis, immunoassays, and
sample injection of proteins for analysis via mass spectrometry, DNA analysis, cell manipula-
tion, cell separation, cell patterning and chemical gradient formation. Many of these applica-
tions have utility for clinical diagnostics.

Although the application of Lab-on-a-chip devices is still novel and modest, a growing inter-
est of companies and applied research groups is observed in different fields such as chemical
analysis including chemiluminescence.

Chemiluminescence as a detection method for micro sensing systems has the advantage of
high sensitivity, low detection limits, and simple instrumentation compared with other spec-
trophotometric techniques, due to the exclusion of an external light source.

However, the drawback of this detection technique is the limited number of chemilumines-
cence reagents. Furthermore, since the chemiluminescence reagent needs to be mixed with
the separated analytes before detection, a more complex microchip layout is required.

Miniaturization of detectors, such as CL detector, however, leads to problems due to the re-
duced analysis volumes mean a reduction in detection volumes, decreasing the number of
analytes available for detection and making it more difficult to detect them.

Thus, the two main factors that affect the choice of the detection method for microfluidic
devices are sensitivity and scalability to smaller dimensions. One solution is to interface the
chip with a macro-scale detector such as a photomultiplier tube; this is called the “off-chip”
approach.

This can be achieved, for example, by using optical fibres to carry light from the chip to the

detector. An alternative solution — the “on-chip” approach - is to assemble a compact ver-
305

sion of the detector and integrate this on the chip with the rest of the analytical system™".

Chemiluminescence detection offers high sensitivity, low detection limits and instrumental
simplicity but requires a relatively complex manifold on the microchip, the details depending
on the CL reaction system being used; for example, a Y-shaped channel junction works best

399 while a V-shaped junction yielded bet-

when using peroxide-luminol chemiluminescence
ter results with the peroxalate—peroxide system®*’. Reagent is delivered by a micro pump.
The chip design must ensure that a high proportion of the emitted light enters the off-chip

photomultiplier; this frequently involves coupling with an optical fibre.

Such an arrangement typically achieves micro molar detection limits and has been used for a

range of analytes including catechol and dopamine?’, amino-acids®'?, cytochrome c and my-

312

oglobin®* as well as the determination of chip-separated chromium(lll), cobalt(ll) and cop-

per(ll).
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Horseradish peroxidise can be determined at sub-nanomolar levels. Micro molar concentra-
tions of ATP (adenosine triphosphate) can be measured by means of luciferin-luciferase bio-
luminescence.

The effect of antioxidants has been measured using a microfluidic system incorporating per-
oxy-oxalate CL, by injecting the antioxidants into the hydrogen peroxide stream®®. The
method is simple and rapid and excellent analytical performance is obtained in terms of sen-
sitivity, dynamic range and precision. Electrochemiluminescence detection has been applied
for microchip separations using electrodes installed during fabrication.

Photodiodes have been fabricated into chips at the bottoms of the microfluidic channels and

have been used for on-chip CL detection of DNA produced by the polymerase chain reaction

and separated on the same chip by capillary eIectrophoresissOS.

These devices have been used also to detect luminol CL for the micro molar determination
of hydrogen peroxide generated by the oxidation of glucose with glucose oxidase.

Thin-film organic photodiodes can be fabricated by vacuum deposition and integrated into
chips. Copper-phthalocyanine-fullerene small molecule diodes have high quantum efficiency
and have been used to determine hydrogen peroxide by peroxy-oxalate chemiluminescence.
Another example has been used for hydrogen peroxide determination by luminol chemilu-
minescence.

2.3 Stopped-flow Technique

Stopped-flow is a technique for studying the mechanisms and kinetics of fast, liquid-phase
chemical and biochemical reactions initiated by the rapid mixing and stopping (stopped-
flow) of the reactants and reagents.

A spectroscopic probe (absorbance or fluorescence) is employed to follow the course of the
reaction by recording changes in the amplitude of the spectroscopic signal as a function of
time. This section describes the principle and applications of stopped-flow technique in both
spectrophotometry and chemiluminescence.

2.3.1 Principle of Stopped-flow technique

Stopped-flow technique was first introduced by Chance®'* and has been reviewed Crouch®®
and Gomez-Henz>*®. Stopped-flow is one of a number of techniques used to study biomolec-
ular interactions, kinetics and fast reaction mechanisms, typical of many reactions in chemi-
cal and biological systems. In the simplest form of the technique, two reactant solutions are
rapidly mixed by being forced into a mixing chamber, and then through an observation cell.
At some point in time, the flow is suddenly stopped, and the reaction monitored using a
suitable spectroscopic probe, such as absorbance, fluorescence or chemiluminescence. The
change in the spectroscopic signal as a function of time is recorded.
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When measuring the kinetics of a reaction it would be ideal to be able to mix the reactants
and periodically sample the mixture in order to analyse the reactant or product. Unfortu-
nately, for some reactions the time required to mix the reactants together may be compara-
ble to the reaction time. That is, the half-life of the reaction occurs on approximately the
same timescale as the mixing. This results in an uncertainty in both initial concentration and
initial time.

A stopped-flow method can be used when reactions occur under these conditions. Figure
2.18 is a diagram of the stopped-flow apparatus. In this method, the reactants are injected
simultaneously into a mixing chamber, where they begin to react, then moved quickly
through a spectrophotometer cell and finally to a stopping syringe. This stopping syringe fills
and drives its plunger back against a stopping block. This stops the flow and triggers the acti-
vation of data acquisition on a computer. The progress of the reaction is followed by moni-
toring a change in absorbance of either a reactant or product in the spectrophotometer cell.
The time that is required for the reactant and products to travel to the spectrophotometer
cell is known as the “dead time.” In this method the mixing time plus the dead time is on the
order of milliseconds, which allows for reactions with half-lives of milliseconds or tens of se-
conds to be measured.
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Figure 2.18 Schematic diagram of a stopped-flow system

Mixing options for stopped-flow include multi-mixing (also known as double mixing or se-
guential mixing) where more than two solutions are mixed together, variable ratio mixing
using different size syringes and micro volume mixing for applications where only very small
quantities of reactants are available. The performance of a stopped-flow instrument is de-
termined to a large extent by the dead-time. This is defined as the minimum time after the
reactant have mixed that the observation starts.

The dead-time is essentially the age of the reaction as it enters the observation cell. The lim-
iting factor in the dead-time of a particular stopped-flow apparatus is determined by the dis-
tance between the mixer and the cell, and the final velocity of the flow at the instant the
flow is stopped.
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Another factor which can affect the dead-time is the efficiency of the mixer. Typically, dedi-
cated stopped-flow instruments can achieve dead-times in the region of a millisecond. Using
ultra-small observation cells, dead times of less than 0.5ms can be achieved. Typically how-
ever, the true experimental limitation is the rate of mixing of solutions of the two reactants.

Companies offering modern stopped-flow instruments that are sensitive, equipped with
good user-friendly software, are Hi-Tech Scientific (Salisbury, UK), Applied Photophysics Ltd.
(Leatherhead, UK), Bio-Logic-Science Instruments SA (Claix, France), Olis Incorporated (Bo-
gart, GA, USA) and KinTek Corporation (Austin, TX, USA). This work has employed extensively
the stopped-flow equipment from Applied Photophysics Ltd for the investigation of the oxi-
dation reaction of potassium permanganate and other manganese oxidising agent with or-
ganic compounds.

2.3.2 Application of Stopped-flow technique in Spectrophotometry

The range of applications for stopped-flow spectroscopy is huge and many thousands of ex-
amples of its use can be found in the literature.

Stopped flow spectroscopy is an established technique for acquiring kinetic data on dynamic
processes in chemical and biochemical reactions.

Spectrophotometry is the most widespread method for the detection of several compounds
in stopped-flow technique because of its versatility and low cost. Stopped-flow has lent itself
to UV/Vis detection methods — both by absorption and fluorescence spectroscopy and these
are still the most common methods employed. The study of enzyme catalysis, protein refold-
ing, signal transduction, ligand or drug binding to proteins or DNA and kinetics of coordina-
tion chemistry are numbered among the many applications of stopped-flow spectroscopy.

Stopped-flow spectrophotometers allow the following of reaction kinetics, initiated by the
mixing of two (or more) reactants, from the millisecond time range onwards, using changes
in various optical probes, like fluorescence and absorbance. This allows a very diverse range
of mechanism of many different types of biochemical reactions to be studied in great depth.

Biochemical reactions carried out by enzymes are fundamental to the metabolic processes
of catabolism, and anabolism. Similarly the binding events and signal modifications that are
carried out by signalling and receptors proteins are important in the control functions of an
organism. Studies of the mechanisms of these important biochemical agents allows insights
into how an organisms functions at the molecular level.

The kinetics of biochemical reactions involves the study of rates of chemical processes in-
volved in many processes. Measurements of the rates of reactions under different experi-
mental conditions (for instance pH, solvent, concentration and temperature) allow the con-
struction of models that describe the characteristics of a biochemical reaction.
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This model provides insights into the reaction mechanisms involved in the reaction. The
most important mechanistic reactions can be broadly classed as binding events, and enzy-
matic catalysis.

One area of particular interest at the moment is the study of protein folding/refolding. Pro-
tein folding is the physical process by which a polypeptide folds into a characteristic three
dimensional structure. Formation of the 3D structure is essential for the protein’s functions.
Understanding these processes is essential for both academic and pharmaceutical research.
Protein folding/refolding reactions have been the subject of detailed kinetic studies using
stopped-flow method. The mechanism of folding/refolding is usually monitored by following
changes in spectroscopic signals after stopped-flow mixing of denaturant unfolded protein
into native solvent conditions.

For example, in an interesting application of stopped-flow spectroscopy technique, folding
| 317.

and assembly kinetics of procaspase-3 were studied by Sara L. et a
In enzyme kinetics, enzymatic reactions catalyse the conversion of metabolites and are the
agents that carry out the large variety of specific chemical reactions in biology.

As with all chemical kinetics, understanding of the number and rate of reactions, and the
building of reactions models around this information can provide profound insights into the
mechanism of actions at the chemical level for enzymatic reactions.

Stopped-flow has long been a key technique for understanding enzyme kinetics. Single and
multi-substrate reactions can be followed with stopped flow techniques to study the catalyt-
ic mechanism of an enzyme, and to learn about its role in the cell.

Mechanisms can be investigated by changing reactant concentrations, and by adding fluo-
rescent dyes to the protein to enable observation of movements during reactions.

For example William Cooper et al used stopped-flow spectroscopy for elucidation of the
complete kinetic mechanism of a mammalian HSD using rat 3a-HSD of the aldo-keto reduc-
tase superfamily (AKR1C9) with the substrate pairs androstane-3,17-dione and NADPH (re-
duction) and androsterone and NADP" (oxidation) and identification of all enzyme forms on

the reaction coordinate*,

Ligand binding reactions, such a protein-ligand binding and release, are fundamental to all
biochemistry, from signaling pathways to binding of reactants in enzymatic reactions. The
stopped-flow spectrophotometer is particularly powerful tool to study the kinetics of bind-
ing reactions, using fluorescence and other optical probes.

This can provide information about the mechanisms of binding, and the energies involved.
For example, stopped-flow spectroscopy technique was successively used to identify a new
class of heme-binding oxygen sensors, reveal their unusual phylogenetic origin, and propose
a sensing mode of a member of this class>'’.
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A common application of stopped-flow is fast tracking of transient kinetics of water (or so-
lute) transport across the membranes of small (10-500 nm scale) vesicles. These reactions
can be generated by mixing purified membrane vesicles with a hyperosmotic solution. The
concentration gradient induces a fast flow of water out of the vesicles. The volume of vesi-
cles is reduced in a kinetic reaction.

Although stopped-flow mixing technique is most frequently used to obtain fundamental in-
formation about rapid chemical reactions (rate law information, rate constants, activation

energies, etc.), it has also been used for analytical purposes™® 3%°.

For example, Pulgarin et al*** used stopped-flow mixing technique to determine simultane-
ously morphine and naloxone by time-resolved chemiluminescence. There are several rea-
sons why the stopped-flow technique has considerable potential in the analytical laboratory.
First, with moderately rapid reactions, stopped-flow mixing can provide analytical infor-
mation in a very short time, often in a few seconds or less.

A second reason why stopped-flow mixing should gain increasing acceptance in analytical
chemistry is the extremely small solution volumes required to obtain analytical information.
Often, reaction-rate or endpoint methods can be carried out with sample volumes as small
as a few microliters. The stopped-flow technique can also be completely automated to elim-
inate manual manipulations of reagents and to provide rapid and reproducible mixing of re-
actants.

These latter features are, of course, desirable even for measurements on reactions which
are normally considered slow. Finally, the increasing use of minicomputers and microproces-
sors with stopped-flow systems for control, data acquisition, and data processing should
lead to a higher level of automation with significant increases in measurement throughput,
accuracy, and precision.

2.3.3 Application of Stopped-flow technique to Chemiluminescence

Several fast reaction kinetics do not result in measurable changes in absorbance. Some of
them, however, do exhibit a change in chemiluminescence as the reaction progresses. Ex-
amples include organic and inorganic oxidation and reductions.

The use of a stopped-flow system equipped with fluorescence measurement facilities can,
therefore, considerably extend the scope of this already powerful technique.

The combination of stopped-flow mixing technique with chemiluminescence as a detection
method was first used by Chance et al*? to study the kinetics and mechanism of chemilumi-
nescence light production from the reaction of luciferin-luciferase-oxygen system.

Advantages of chemiluminescence detection in relation to wide calibration ranges, the high
sensitivity and its potential, when combined with advantages of stopped-flow, such as rapid
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and highly efficient mixing of sample and reagents, immediate detection of chemilumines-
cence signal and the ability to record the whole CL intensity vs. time profile, make stopped-
flow chemiluminescence technique a valuable analytical tool to the determination of reac-
tion rates and mechanisms, which are essential for understanding chemical processes.

CL
Formation decay

Decay rate

Time(s)

Figure 2.18 Intensity-Time profile for a stopped-flow signal output showing zones used for
determination of rates of formation and decay

323-325 |326
’

CL reactions involving acidic KMnO,’, peroxyoxalates'?, firefly luciferase , lumino
acridinium esters'®® and tris(2,2'-bipyridine)ruthenium(111)**® are being used in stopped-flow
technique to determine their kinetic parameters, such as formation and decay rates, and to

identify the reaction mechanisms.

An example of stopped-flow chemiluminescence technique was used to investigate the
temperature-dependent kinetics of the imidazole-catalysed peroxyoxalate reaction in order
to further elucidate the reaction mechanism. Pseudo-first-order rate constants were ob-
tained from the chemiluminescence intensity vs. time profile5327.

2.4 Permanganate Oxidations

This section focuses on the interaction of manganese-based oxidising agents with organic
and inorganic materials and begins with a background discussion of the physical and chemi-
cal properties, relevant reactions, and application in chemiluminescence analysis.

The greatest advantage of this oxidant over others is that it is the source of the chemilumi-
nescence produced in the reaction; with slight discrepancies, there is wide consensus that
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the actual emitting agent is an intermediate product of the reduction of Mn(VIl) rather than
the oxidation product of the analyte or organic substrate.

However, the mechanism behind the emission remains controversial. The central role of this
oxidant in the production of CL justifies its extensive analytical use; however, why it exhibits
no emission under specific conditions where other oxidants do, remains unexplained.

2.4.1 Permanganate Chemistry

Potassium permanganate, KMnQy,, is a purple crystalline compound with a metallic sheen. It
is soluble in water, in acetone and in methanol, but it is decomposed by ethanol. Potassium
permanganate is prepared by fusing manganese dioxide with potassium hydroxide to form
the potassium manganate and then electrolysing the manganate solution using iron elec-
trodes at about 60 °C.

Acidic permanganate oxidation reactions have been known for a long time and reviewed®%,

as well as the reaction mechanisms put forward to account for the kinetic and other experi-

mental data for oxidation by permanganate®®.

However, the reaction stoichiometry, kinetics and mechanisms involving permanganate in
chemiluminescence systems are quite complex and are not fully understood.

Manganese species have the potential valence states ranging from +1 and +7, of which the
+2, +3, +4, and +7 states are the only ones that are relatively stable over a wide range of
acidity. Manganese in permanganate has the highest oxidation state.

This VllI-state occurs in the oxo compounds MnO,4, Mn,07; and MnOsF. Permanganate which
is the most commonly used reagent in chemiluminescence analytical applications. It is rela-
tively stable to thermal decomposition but not to photolytic decomposition (both in the sol-
id form and in solution).

Manganese(VIl) is reduced to Mn(ll) during oxidation processes presumably via many man-
ganese species having different oxidation states such as Mn(VI), Mn(V), Mn(IV) and Mn(lll).
The appearance of these intermediate oxidation states depends upon various reaction con-
ditions, types of substrate and their stability.

A few compounds of Mn(V) species are frequently postulated as intermediates in the reduc-
tion of MnO4". Although Mn(ll) is the most stable oxidation state, it is quite readily oxidized
to Mn(lV) in alkaline solution. The reactivity of these intermediates states depends on the
nature of the substrate and on the pH of the medium.

The standard redox potentials in acidic media of Mn(VII)/Mn(ll), Mn(VIl)/Mn(IV), Mn(IV)/
Mn(1l1) and Mn(l11)/Mn(11)*° are presented in Figure 2.20.
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Figure 2.20 Standard Reduction Potentials (V) at 25 °C for Manganese Species""”0

Oxidation with permanganate may occur via several different mechanisms: electron ex-
change, hydrogen atom abstraction and direct donation of oxygen. The rate of permanga-
nate oxidation, as well as, the reaction pathway that occurs may vary with the substrate and
the reaction conditions, such as, the pH of the medium.

In alkaline, neutral, and weakly acid solution, permanganate is reduced to manganese diox-

ide, which precipitates out of solution®*.

In strongly acid solution, the permanganate ion is further reduced, and the valence of man-
ganese changes from VIl to Il. All reactions are exothermic. Permanganate solutions in acidic
condition are less stable than in neutral conditions, but unless the solutions are boiled, the
decomposition is still relatively slow.

Concentrated permanganate solutions in alkaline conditions can also slowly decompose to
produce oxygen and manganate, which is unstable and can slowly disproportionate to per-
manganate and manganese dioxide.

The general physical and chemical properties of permanganate are listed in Table 3.2.




Table 2.1 Properties and characteristics of permanganate

Property

Descriptions

Chemical formula
Purity (% by weight)
Molecular weight
Solid density

Bulk density

Form and features

Solubility in distilled water:
0°C

20°C

40°C

60°C

Aqueous solubility

Aqueous specific gravity
Specific conductance
Average Mn-0O bond distance
Average O-Mn-0O bond angle

Stability

Incompatibilities

Materials compatibility

KMnO4

Technical grade = 98%

158.03 g/mol

2.703 g/cm3

~ 1605 kg/m3

Dark purple solid with metallic lustre, sweetest astringent
taste, odourless, granular crystalline, oxidize

27.8 g/L

65.0 g/L

125.2 g/L

230.0 g/L

S =30.55+0.796T + 0.0392T° (Tin °C)

S=62.9g/Lat20°C

Sg = 1.000 + 0.007C (C: the concentration of KMnO, in
%wW/w)

Sc (mS/cm) = 0.7002C + 0.0915 (C: the concentration of
KMnO, in %w/w)

0.1629 £ 0.0008 nm

109.4 +0.7°

Stable indefinitely if held in cool dry area in sealed con-
tainers

Avoid contact with acids, peroxides, and all combustible
organics or readily oxidisable materials. In neutral or alka-
line conditions, it is not corrosive to iron, mild steel or
stainless steel. However, chloride corrosion may be accel-
erated.

Plastics such as polypropylene, PVC, epoxy resins, and Hy-
palon are suitable but Teflon FEP and fibbers are often
incompatible.

In acidic solution, MnOy is reduced to manganese(ll) if excess of reducing agent is present
(E° = 1.5V), whereas in the presence of excess permanganate, MnO, is formed as a result of
the oxidation of Mn(ll) by MnOQO, . The presence of Mn(V) could not be directly demonstrat-
ed, as it is too unstable in acid medium**%. Mn (V) is directly reduced to Mn(ll), and Mn(lll) is
formed by reaction between Mn(IV) and Mn(ll).

MnO, follows three overall redox reactions according to pH. The pH also has a significant
effect on the kinetics of MnO, oxidation. The reaction follows the half-reaction pathway
represented by the equation 2.21 under acidic conditions (pH < 3.5) and in the typical envi-
ronmental range (3.5 < pH < 12) the primary reaction follows equation 2.22 or equation 2.23

depending of the pH, and finally at high pH (pH >12) the reaction follows equation 2.24>%°.
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The most common permanganate reaction employed in CL detection is the complete reduc-
tion of permanganate to manganese(ll).

MnO, +8H* +5¢" > Mn?* +4H,0 E°=1. (Equation 2.21)
MnO, + 4H"+ 3e"> MnO,(s) + 2H,0 E°=1.70V (Equation 2.22)
MnOy4 + 2H,0 + 3e" > MnO,(s) + 40H  E°=0.59V (Equation 2.23)
MnO4 + 1e > MnO,> +E°=0.90V (Equation 2.24)

The reduction potential (E°) for the formation of MnO; in acid solution is much higher than
in alkaline solution, +1.70V (Equation 2.23) compared with +0.59V (Equation 2.24). Although
the redox potential of permanganate ion decreases with increasing pH, many organic com-
pounds, such as alcohol and formic acids, are oxidised faster at higher pH.

With many organic substrates, mechanistic factors are of major importance in contrast to

the overall free energy change of the oxidant®%.

Rudakov, Lobachev and Zaichuk®** *** have studied the oxidation of organic compounds with
different permanganate species. Manganese(VIl) in an aqueous solution can be present in
the form of the permanganate anion, permanganic acid (HMnQ,), or permanganyl cation
(MnO5") depending on the pH of the medium.

It was determined through kinetic studies that the reaction with MnO,;~ dominates at a pH
greater than 2.5, whereas at a pH less than 0.3 the reaction of HMnO,4 dominates. To study
the reactivity of MnOs" the reactions were carried out in very acidic perchloric acid solution
(HCIO4 = 3.5 M)**3. The following scheme represents the different reactive species that can
form depending on the pH,

+H +H -H.O
- + + .
MnO; —— HMnO; =—=—== H;MnO0, MnO; (Equation 2.25)
-H -H +H,0

The pK, of HMnO, is -2.2. H,MnO," is a hydrated species, which upon loss of water can form
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a perchloric complex (CIOsO0MnOs)™"". The rates of organic substrates oxidation by Mn(VII)

species increases in the series MnO4 < H MnO4< MnO;".

Permanganate can also react with water and auto decompose, but at very slow rates, result-
ing in manganate, which is unstable and can slowly disproportionate to manganese diox-
ide3?® according to the Equation 2.26.

MaOs

2MnO4 + H,0 + 5" = 2MnO,+ 20H +3/20, (Equation 2.26)

Permanganate solution in acidic condition is less stable than in neutral conditions, unless the
solution is boiled; the decomposition is still relatively slow.
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However, the presence of MnO, can catalyse the decomposition of permanganate solutions,
though the extent of the catalysis is not known. Thus, traces of MnO, initially present in the
permanganate solution, or formed by the reaction of permanganate with reducing agents,
such as, organic matter may lead to a catalysed decomposition of permanganate.

In acidic solutions, the MnO, can be reduced slowly to Mn%*
MnOs(s) + 4H" +2e > Mn*' +2H,0 (Equation 2.27)

Permanganate can serve as a multiple equivalent oxidant depending on the characteristics
of the substrate that is attacked. For example, under basic conditions, sulphide can be oxi-
dized to sulphate by excess permanganate while sulphur and tetrathionate might also be

328 perman-

produced due to incomplete oxidation of sulphide in neutral or acidic solutions
ganate can also easily oxidize metal ions (e.g., ferrous iron, chromium ion, and vanadium

ion) from reduced states to oxidized states.

Permanganate is a strong oxidant so only few oxidants (e.g., solid bismuthate in acid, am-
monium persulfate, lead dioxide, potassium periodate, and ozone) are able to oxidize man-
ganese ions to permanganate®?.

Permanganate has a unique affinity for oxidizing organic compounds containing carbon-
cabon double bonds, aldehyde groups or hydroxyl groups. It was also suggested by Stew-
art®®® that “permanganate oxidation for organic compounds is often, but by no means al-
ways considerably faster in alkaline than in neutral solution” because a change of the organ-
ic substrate (e.g., ionization of alcohol) might occur in a basic solution. However, a general
phenomenon is that the oxidation rate is accelerated in strongly acidic conditions due to a
conversion of MnO, ion to the more active oxidant, permanganate acid.

328, 334
. The

Permanganate may oxidize organic compounds via different reaction pathways
reaction pathway that occurs significantly depends on the structure of the substrates and
the pH of the solutions. Other reaction conditions such as temperature and the concentra-

tions of MnO,4 and the target compound also influence the rate of the oxidation reaction.

It has been shown that alkaline permanganate solutions, in the absence of an oxidizable
substrate, undergo decomposition and oxygen gas is evolved from solutions, according to
the Equation 2.28, and further reduction of the manganate does not occur. The higher the
pH of the solution, the greater is the rate of evolution of oxygen335.

AMnO; +40H > 4Mn0O,” + 2H,0+ 0, (Equation 2.28)

The kinetics of acidic permanganate oxidation of oxalate was first studied by Harcourt and

329, 336
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The effects of permanganate and oxalate concentrations were investigated, and as the stoi-
chiometry is precise, the reaction is used to standardise volumetric permanganate solutions,
according to the following reaction (Equation 2.29).

2MnOy + 5C,0,7 +16H" > 2Mn?" +10C0, +8H,0 (Equation 2.29)

It was observed that the initial rate of this reaction is relatively slow (long induction period)
but, the deliberate addition of manganese(ll) sulphate considerably increases the reaction
kinetics up to the MnQy: Mn?* ratio of 2:3 and eliminates the initial slow reaction.

In neutral conditions or the presence of excess permanganate MnO, is formed as a result of
oxidation of Mn(ll) by permanganate and Guyard reaction becomes as following Equation
(2.30):

2MnO; +3Mn?*+2H,0 =——= 5MnO,+4H* E°=0.46V (Equation 2.30)

Under acidic conditions therefore, manganese(ll) produced in most permanganate oxida-
tions plays an autocatalytic role in many of these reactions. It is suggested that manga-
nese(ll) reacts with permanganate, whereby increases the reaction rate, to yield manga-
nese(lll) as an intermediate product, which is expected to react immediately with organic
substrate or organic daughter products to form manganese(ll).

Equation 2.30 is called Guyard reaction which describes the exchange between Mn(VIl),
Mn(IV), and Mn(ll), and can be used for the volumetric determination of manganese. The
relative amount of oxidation done by the two species depends on their concentrations,
which are governed by the disproportionation reaction®’ (Equation 2.31):

IMn* +H,0 =—— MnO, + 2Mn?>* + 4H' (Equation 2.31)

However, the disproportionation reaction can be stabilised in several ways, such as by, in-

creasing the acidity of the medium, the addition of pyrophosphate338, azide®*
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, a large excess
of Mn(ll) or fluoride ions™". The latter complexes Mn(lll) in the form of MnF; and this equi-
librium is often used to identify or prove the presence of Mn(lll) as oxidising intermediate
entity during MnO, oxidation reactions. Complexes are readily broken down on increasing
the temperature of the reaction, for example the manganese(lll)-trisoxalato complex formed
is readily broken down at 60 °C (Equation 2.32). A mechanism involving a radical anion in-
termediates has been proposed*’. The formation of this complex is one of the reasons that
permanganate-oxalate titration are normally carried out at higher temperatures. The use of
surfactants or crown ethers**? has been proposed to prevent formation of trisoxalato com-

plex and so increase the rate of reaction in oxalate-permanganate titrations®.

A
Mn(C,04)s> > Mn?*'+2C,0,5 + CO,+ CO,y™ (Equation 2.32)
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Koupparis and co-workers>*® used stopped-flow injection to monitor the disappearance of
permanganate ions at 525 nm, in the first step of the reaction. They found that the reaction
is first order in permanganate and Mn(ll) and second order in oxalate ions, and used this re-
lationship as the basis of a kinetic measurement of manganese(ll)g.

Manganese(VI) and manganese(V) are stable only in very alkaline solutions, although they
are both formed as intermediates in the reduction of permanganate in moderately basic and
acid solutions. Therefore, the study of Mn(VI) and Mn(V) could not be carried out in this
work, as they are highly unstable in acid medium and very difficult to monitor.

Managanate ion Mn(VI), at concentrations less than 1.0M in solution of hydroxide ions,
slowly undergoes the disproportionation reaction (Equation 2.33) to MnO4 and MnO,.

3MnO,> + 2H,0 = 2MnOy4 + MnO, + 40H (Equation 2.33)

Manganate and hypomanganate Mn(V) oxidations are found to be much slower than per-
manganate oxidations. Hypomanganate Mn(V) solutions disproportionate (Equation 2.34)
very slowly at lower concentrations than 4.0M in hydroxide ion solutions.

2Mn0,> +2H,0 > MnO,* + MnO, + 40H (Equation 2.34)

It was shown that manganese(V) is an intermediate in the oxidation reaction of hydrogen
peroxide by basic permanganate solution, however no chemiluminescence light was ob-
served and reported for permanganate oxidation in alkaline medium®. Despite the fact that
Mn(VI) and Mn(V) in acidic medium disproportionate more rapidly than they react with or-
ganic substrates, a solution of acidic manganese(V) was generated by reduction of perman-

10, 344
d

ganate with arsenious aci . Reactions of Mn(VI) have been studied by fast acidification

of a stable alkaline manganate(VI) solution.

The short-lived manganese(V) produced is unstable due to disproportionation reaction, but
would react rapidly with some reductants, such as alcohols and can be stabilised by phos-
phorous acid™®3**.

As seen previously, manganese(lV), as manganese dioxide, is one of the compound pro-
duced by disproportionation reaction and is usually a blackish or brown insoluble solid.
Manganese dioxide can be also produced by the oxidation reaction between permanganate
and thiosulphate®* (Equation 2.35).

However, if diluted neutral solutions are mixed in stoichiometric ratio, colloidal sols can be

346
d

prepared™”. These can be used as oxidizing agents without the normal solubility problems

associated with MnO,.

8MnO, + 35,05 + 2H* > 8MnO, + 650, + H,0 (Equation 2.35)
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The colloidal sols are stable, probably due to anions on the surface of the colloidal particles.
At pH four to five, manganese dioxide is reduced by oxalic acid and the following reduction
sequence (Equation 2.36) has been proposed where R stands for the reductant®.

R Mn(1V) R
Mn(lV) =2 Mn(ll) 2>  Mn(lll) 2> Mn(ll) (Equation 2.36)

It has been suggested that manganese(ll) is produced directly in the first step, and when suf-
ficient formed, reacts with Mn(IV) to generate Mn(lll), which then reacts with more reduct-
ant. Other workers have suggested that Mn(lll) is formed directlyg’ 7 in the first step, rather
than Mn(ll). The formation and reduction of colloidal manganese dioxide have been used as
an explanation®*® for the apparent oscillatory kinetics in the permanganate-oxalate reac-

349, 350

tion . Recently, soluble MnO, in orthophosphoric acid has been prepared and used as

CL reagent for the determination of a variety of organic compoundsg’ 218,351

Manganates(VIl) are not very thermally stable. Thermal decomposition of KMnQO,4 produces
layered MnO, having characteristics for battery applications and it is also the material that
stains one's skin when handling KMnO,. For instance, potassium permanganate decomposes
at 230 °C, according to equation (2.37) below:

2 KMnO; =2 K;MnO4+ MnO, + O, (Equation 2.37)

Although KMnOQyis the form the most utilised in permanganate oxidation reactions, copper

permanganate has been used to improve specificity of some oxidations>>% 33,

Agueous MnQ, solutions are reasonably stable if kept in the dark room, but they undergo
photochemical decomposition with evolution of oxygen and precipitation of manganese di-
oxide, under light influence, which accelerates the reaction of MnO4 decompositiong.

Manganese(lll) has been obtained in solution via three routes; oxidation of Mn(ll) by chemi-

cal and electrochemical methods, reduction of manganese(IV) or reduction of Mn(VI1)*>%,

Mn(Ill) is slowly reduced by water, according to the following reaction (Equation 2.38):

3MN* +H,0 2> 2Mn* +2H" +% 0, (Equation 2.38)

Most organic compounds are degraded by aqueous permanganate to carbon dioxide on ex-
tended heating, however, in alkaline solutions, oxalate ions can be the major product of the
degradation reactions. These oxidations are often faster in alkaline than in neutral solutions.
In strongly acidic medium, permanganate is protonated to produce HMnO, (Equation 2.25).

The broad reactivity of permanganate with organic compounds is used in the preparation of
pure and drinking water, where distillation from permanganate results in water free from
organic contaminants.
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The permanganate oxidation reaction is also used in methods for chemical oxygen demand
or permanganate index in water>>. Some regulatory authorities, including the EU, consider
that the permanganate oxidation reaction is too general and prefer the use of methods

based on dichromate oxidation reaction.

The mechanisms for different organic substrates suggested by various authors are not simi-
lar, depending upon the nature of the reactive manganese species, the reaction environ-
ment and the nature of the substrate. One of the principal aims of many workers in the field
of acid permanganate oxidations has been the attempt to formulate modes of oxidation and
to classify reactions between permanganate and organic compounds by the mechanism ac-
cording to which the oxidation proceeds.

Tompkins and his collaborators®**® have attempted to show that there are two principal
mechanisms by which organic compounds are oxidized by acid permanganate; one mecha-
nism proceeds by direct oxidation by the permanganate ions, and the second involves the
prior formation of the MnO, ions and subsequent oxidation by hydroxyl radicals produced
from these ions and water molecules.

It is postulated that the radical mechanism is characterized by an initial induction period,
while the direct oxidation by the permanganate ions is of the second order throughout. Al-
cohols and olefinic compounds undergo oxidation by MnQOj, ions through the formation of a
substrate—-Mn(VII) complex, which finally decomposes to give the desired products.

H 0

R-CH,-OH +MnO;; —» R—C—0—Mn=0 — RCHO + HMnO,
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Figure 2.21 Proposed mechanism for permanganate oxidation of alcohols and olefinic
compounds®>®




The oxidation of carbon—carbon double bonds by permanganate ions is an important, in a

mechanistic as well as from a synthetic prospective. Under alkaline conditions, olefins are

converted into the corresponding diols in good yield**®3*°

359
d>”.

, While in neutral or slightly basic
solutions a-hydroxy ketones are produce

These reactions are always accompanied by a certain amount of C—C bond cleavage®®° and,

under acidic conditions, the cleavage products predominate361’ 362

Agueous permanganate was used originally for the conversion of alkenes into diols accord-
ing to Wagner dihydroxylation reaction (Equation 2.39).

R OH OH
N — R_i_C_R (Equation 2.39)
< Ll

Owing to the rapidity and the complex mechanism of the permanganate oxidations, the
mechanisms of oxidation of various olefinic derivatives are still poorly understood. Perman-
ganate oxidations of alkenes and their derivatives have been suggested to be associated
with a cyclic manganese(V) intermediate. In a kinetic study of the permanganate oxidation
of maleic by a stopped-flow technique at acidic pH, Simandi et al*®* have found that the rate
determining step is cis attack of permanganate on the double bond, resulting in the for-
mation of a cyclic intermediate (1) containing manganese(V). A manganese(V) species could
not, however, be detected and this is reduced in a fast process, which leads to a detectable
intermediate, Mn(lll), and formyl(hydroxy)acetic acid.

COOH
O
H\ /COOH H—C—O\(l)//
c=—c + MnO,” » Mn
H—c—0o \
H COOH | 4
COOH
3H* | fast
COOH

CO, + H,0 + MNnOH?* + H—C—OH

CHO

Figure 2.22 Proposed mechanism of permanganate oxidation of maleic acid®¢1363
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As mentioned previously, hypomanganate esters are formed as intermediates in the oxida-
tion of alkenes by potassium permanganate.

The transition state for the second step (oxidative decomposition of the ester) probably con-
tains a fairly well developed carbonyl group as evidenced by both isotope and substituent
effects. Under these conditions, the latter step is much slower and it controls the overall
rate of the reaction. Accepting that the hypomanganate esters are the initial intermediates
in these reactions under all conditions, a mechanism has been proposed in Figure 2.23. The
fate of the hypomanganate ester is entirely dependent upon the reaction conditions.
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Figure 2.23 Proposed mechanism of the conversion of alkenes into diols and a-hydroxy
ketones by permanganate"’56




Permanganate oxidations of many other classes of organic compounds have been studied

364, 365 367, 368

including aromatic acids and polyphenols , aldehydes®*®, amino acids and carbo-

367, 369, 370

hydrates . The oxidation of ascorbic acid by acidic permanganate has been investi-

gated and a mechanism of the reaction has been proposed*’*.

Mn(VIl) was assumed to be the most probable oxidising species, as the addition of sulphate,
pyrophosphate, fluoride and Mn(ll) ions to the reaction mixture did not affect the rate of the
reaction. The following is the proposed mechanism of the reaction.

CHOHCH,;OH CHOHCHZOH
///// \\\\ /// ///// \\\\ ////
|| + MnO, ” MnO4‘
\ﬁ \C /
o u
CHOHCHZOH CHOHCH,OH
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\ L, el H,O \
C /
| I
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CHOHCH,OH CHOHCH,OH
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\\\\ ////
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u lol
CHOHCH,OH
2Mn(V) —fast o0 Mn(EVID + Mn(l) | 2
2Mn(11) —fast o Mn(Vv) + Mn(I
Mn(IV) + Mn(V) —20m MV + Mn(ll)\c \
i
Figure 2.24 Proposed mechanism of permanganate oxidation of L-ascorbic acid® *"*
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2.4.2 Permanganate Applications

Permanganate ion has been for a long time one of the most versatile and widely employed
oxidizing agents in diverse chemical reactions in the laboratory and in industry.

It is an oxidising agent with disinfectant, deodorising and astringent properties. Among its
applications, it is primarily used for the purification of drinking water, cleaning of swimming
pools, and treatment of industrial wastewater.

As mentioned previously, it acts as a general oxidant, attacking all organic material, convert-
ing them ultimately into carbon dioxide and water. It reacts over a wide range of pH and re-
quires no additional catalyst. Potassium permanganate has long been a suitable oxidant to
neutralize some of these pollutants and many studies are progressing in this direction.

In environment pollution, MnO,4 has been successfully used for the in situ degradation of
many organic contaminants. Potassium permanganate is a suitable oxidant to oxidise some
of these pollutants and many studies are progressing in this direction.

For example a study was undertaken to understand fully the kinetics and mechanism of the

oxidation of trichloroethylene (TCE)*"?

, an important pollutant present in ground water, us-
ing potassium permanganate. The study was undertaken to identify the reaction products,
elucidate the reaction pathways and their pH dependence, develop a kinetic model and de-

termine the rate constants for all of the major reactions in the KMnO4/TCE/H,0 system.

In analytical chemistry, acidic solutions of permanganate are used as a chemiluminescence
reagent. During the oxidation of organic compounds, potassium permanganate is reduced,
depending on the pH, to manganese(ll) or dioxide and the reduced manganese dioxide can
be recycled. The recycled manganese dioxide can be used as a mild oxidant, as catalysts in
batteries, as pigments in paints and dyes, and as raw material for permanganate production.
The recycling of manganese dioxide has made the usage of potassium permanganate envi-
ronment friendly.

Most analytical methods based on direct CL measurements involve oxidizing the analyte
with potassium permanganate in a strong (sulfuric) acid.

In fact, permanganate is the most common oxidant used in CL reactions; cephalosporin and
penicillin class antibiotics appear among the drugs determined most frequently with this re-
agent by the FIA-CL technique. Within a comprehensive review by Hindson and Barnett®
concerning a wide range of analytical applications of permanganate in CL reactions, potassi-
um permanganate in acidic media, with or without CL enhancers or promoters, has been
used to determine a wide variety of compounds, including pharmaceuticals, biomolecules,
antioxidants, illicit drugs, pesticides and pollutants’.
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For example, the determination of amidopyrine, benzocaine, procaine and other local anes-
thetics, cefadroxil, codeine, imipramine, levodopa, medazepam, methotrexate, naltrexone,
perphenazine, promethazine, reserpine, salicylamide, tetracyclines and tetrahydropalmatine
in pharmaceutical preparations’. All gave good recoveries and agreement with official or
standard analytical methods.

2.4.3 Cautions

As mentioned previously permanganate is a chemical used in various applications: topical
antibacterial, photography, laboratory chemical, wood dye, water purification and bleaching
processes. Ingestion and other exposures to the chemical can cause various symptomes.

The type and severity of symptoms varies depending on the amount of chemical involved
and the nature of the exposure.

Solid KMnQ, is a very strong oxidizer, which when mixed with pure glycerine, will cause a
highly exothermic chemical reaction to take place. This reaction would turn red hot as a
spontaneous "combustion" which would melt a glass or other container holding the reacting
contents and could ignite anything flammable nearby. A reaction of this sort could take place
when solid KMnQ, is mixed with many kinds of organic materials. Aqueous solutions of
KMnO,4 are much less dangerous, especially when diluted. Mixing solid KMnO,4 with concen-
trated sulphuric acid causes an explosion.

KMnO, stains the hand and clothing and should be handled with care. Clothing stains may be
washed away using acetic acid or hydrochloric acid. Skin stains go off within 48 hours. It
causes corrosive burns on the skin, while swallowing it may lead to gastroenteritis. In addi-
tion, mixing solid KMnO,4 with concentrated hydrochloric acid generates lethal chlorine gas.

Potassium Permanganate is reduced to MnO, when exposed to light. This reduction is noted
by the formation of brown precipitate in the reagent container. Storage in an amber glass
container is recommended.

2.4.4 Chemiluminescence from manganese-based oxidation reactions

As mentioned in the previously sections, manganese compounds have the potential valence
states ranging from +1 and +7, and manganese in permanganate (Mn’*) has the highest oxi-
dation state. Many of these compounds have been proposed as the reactive oxidants re-
sponsible for oxidation by permanganate resulting in CL. Almost every oxidant intermediate
has been suggested as participating at some stage of the reduction of permanganate.

A variety of manganese oxidants, as chemiluminescent reagents, in acidic or alkaline media
have been investigated for various analyses using flow injection CL method.
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As manganese(VI) and manganese(V) are regarded as short-lived undetectable intermedi-
ates, it is the purpose of this section to review exclusively the oxidation reactions resulting in
chemiluminescence by Manganese-based oxidants, such as potassium permanganate[Mn
(VI)], manganese(IV) and manganese(lll).

2.4.4.1 Chemiluminescence from Permanganate

Potassium permanganate, in acidic media, with or without CL enhancers, has been widely
used in analytical chemistry’.

The permanganate-based CL methods are mainly based on the direct oxidation of the ana-
lyte by KMnQ,, or based on the enhancement of CL intensity of the permanganate-analyte
system, using substances, such as formaldehyde, glyoxal, formic acid, surfactants, etc., as a
sensitizer. For example, the reduction of acidic MnO,4 has been used for the determination
of morphine in biological fluids for forensic applications®* and for process analysis during the

extraction of opiate alkaloids from opium poppies using flow injection analysis®’>.

Based on the number of published articles, sulphuric acid and polyphosphoric acid are the
most preferred medium for permanganate-based CL reactions. However, the suitability of
sulphuric or polyphosphoric acid is also subject of controversy.

The optimization of the acidic medium mostly shows that the use of sulphuric acid leads to
better reproducibility. The role of polyphosphoric acid is double: on one hand, it provides
the required acidic medium for the oxidation, and on the other hand it acts as promoter of

118

the CL since it most likely stabilizes reaction intermediates . Similar role is played by poly-

phosphate (hexametaphosphate) in sulphuric acid medium?®’*.

The presence of chemical additives such as sensitizers or media can increase the emission
intensity even by several orders of magnitude. Surfactants such as; Tween 60*'%, benzalkoni-
um chloride®®, protect the microenvironment of CL emitter through formation of micelles or
they can facilitate energy transfer'®, B-cyclodextrin also protect the emitter and minimize
the non-electromagnetic emission pathway during relaxation of the excited specie5375.

As mentioned previously, many fluorophores have been tested and proposed in different

374, 376, 377 121, 153, 378, 379
and

drug determinations. Quinine , glutaraldehyde®, formaldehyde
formic acid'*® were utilized as fluorophores where the energy from excited state of interme-
diate or products is transferred to this fluorescing compound which is the final emitter.

Cephalosporines37 were determined by MnO, -induced CL enhanced by glyoxal as sensitizer.

Chemiluminescence detection was used for drug determination in complicated matrices,

374

such as human serum by using on-line solid-phase extraction and SIA®". The authors deter-

mined salbutamol that was initially adsorbed from the matrix on a cartridge packed with sili-
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ca-gel (modified with carboxylic acid) and then eluted by sulphuric acid; the CL determina-
tion of eluted salbutamol was performed by oxidation with permanganate in sulphuric acid
medium.

The transformation of non-chemiluminescent compounds into CL intermediates by prior UV-
irradiation is a real possibility how to achieve CL reaction. Photo-induced CL was employed
for the determination of chIoramphenicoIa'80 and sulphonamidessgl. A screening test for the
development of photo-induced FIA—CL of pharmaceuticals has been also reportedagz.

The use of acidic potassium permanganate CL to determine a wide variety of compounds
(e.g. drug, biomolecules, antioxidants, illicit drugs, pesticides and pollutants) in pharmaceu-
tical and clinical samples, agricultural and environmental matrices, food and consumer
products and materials is reviewed in tables 2.2; 2.3; 2.4 below.

Despite its widespread use, as with other solution chemiluminescence reactions, the de-
tailed mechanism is not unambiguously resolved.

Agater9 showed that the emission spectrum for permanganate oxidations does not depend
upon the reductant and that permanganate, manganese dioxide (sol) and manganese(lll)
chemiluminescent oxidations also give the same emission spectrum. From this, it was de-
duced that the emitting species involved manganese presumably just prior to the last stage,
391
that
the emission spectrum for Mn(lll) oxidation of malic acid matches that of photo-excited

Mn(ll). Despite these results, which have been independently confirmed recently®®?, some

that is formation of Mn(ll). This is consistent with the earlier observation by Karavaev

other authors have suggested singlet oxygen, sulphur dioxide, and fluorescent oxidation

products of the analyte as the emitting speciese.

Earlier work in these laboratories”*°, which showed that Mn(lll) is particularly important in
the chemiluminescence, has provided one of the bases for this investigation.

2.4.4.2 Chemiluminescence from manganese(lV)

Like permanganate, the oxidation reaction of manganese(lV) with a variety of organic com-
pounds and inorganic species in acid media is accompanied by CL emission that can be en-
hanced by some low molecular weight aldehydes such as formaldehyde, and which has been
exploited for the development of a range of highly sensitive analytical proceduresm.

The excited species formed by the manganese(IV) oxidation is probably electronically excited
manganese(ll) species. Lu and co-workers>®* proposed that singlet molecular oxygen is the
emitter of the chemiluminescence emission accompanying the reaction between manga-
nese(lV) and formaldehyde in the presence of various analytes. However, subsequent spec-

7,112, 219, 385

troscopic investigations lead by Barnett and co-workers on the chemiluminescent

reactions of manganese-based oxidants (e.g. permanganate, manganese(lV) and manga-
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nese(lll) with various organic compounds revealed striking similarity in the chemilumines-
cence spectra between these manganese oxidants.

These investigations into the light-producing pathways of these reactions have revealed that
many lead to the same broad red emission with maximum intensity at 735 + 5 nm, which has
been attributed to an electronically excited manganese(ll) species.

Calatayud and co-workers®®

immobilised solid manganese dioxide in an on-line reaction
column (using a polyester resin) for the chemiluminescence determination of isoniazid. The
manganese oxidant did not directly participate in the light-producing reaction; detection was
based on the inhibition of a luminol-H,0,—hexacyanoferrate(lll) system by manganese(ll)
ions that were released when isoniazid reacted with the immobilised oxidant®®°.

In contrast, Lin and co-workers used the reaction between analgin, rhodamine B, and solid
manganese dioxide immobilised on sponge rubber within a chemiluminescence flow cell for

the determination of analgin387.

Using flow injection analysis (FIA) methodology, analytically useful chemiluminescence re-

sponses were obtained from the oxidation of twenty five organic and inorganic speciesm’

385 As with many chemiluminescence reactions with permanganate, the addition of formal-

dehyde was found to significantly enhance the emission of light®*°.

Since this initial evaluation, a further fourteen publication5127’ 219, 384, 388 1ave emerged on
the use of soluble manganese(lV) as a chemiluminescence reagent for the determination of
various organic compounds. The majority of studies on chemiluminescence reactions with

127, 219, 384, 385, 388

soluble manganese(lV) used formaldehyde as an enhancer , Which can in-

219 |n Barnett and co-workers

crease the emission intensity by over two orders of magnitude
investigations, formaldehyde was included in the carrier and/or sample solutions at concen-
trations between 0.2 M and 3.0 M*¥ 2*% 38 \whereas Lu and co-workers have used formal-

dehyde concentrations of 3-4% (1.0-1.4 M)*%% 388,

A range of other potential enhancers (formic acid, polyphosphates, surfactants, Bcyclodex-
trin, sodium thiosulfate, sodium sulphite and quinine sulphate) have been tested'?’” 38 38
38 and although these species generally provided inferior or no enhancement, there were

127,384 A combination

some circumstances where an alternative enhancer was more suitable
of 0.4 M formaldehyde and 1% (m/v) sodium hexametaphosphate was reported to provide
the best signal-to-background response for the reaction of soluble manganese(IV) with
ascorbic acid'’.

Lu and co-workers examined a range of potential enhancers for the reaction between solu-
ble manganese(lV) and fluoroquinolone antibiotics and found that sodium sulphite
(1 x 10 M) gave a fourfold increase in chemiluminescence intensity compared to the same

reactions in the presence of formaldehyde384.




The rate of the light-producing reactions between the soluble manganese(lV) reagent, vari-
ous analytes and formaldehyde have been examined with stopped-flow experiments®* 3%
In most cases, the chemiluminescence time courses reached a maximum between 0.5 s and

219

6.0 s after the reaction was initiated, and returned to baseline within 15-70 s“~~. However,

the light-producing reaction between the manganese(lV) reagent and potassium oxalate was

found to persist for several minutes®®.

A wide range of compounds have been found to elicit light upon reaction with soluble man-
ganese(lV) and in many cases, limits of detection have been reported. There have been sev-
eral studies in which the chemiluminescence responses from various analytes have been
compared?*? *® but as yet, no discernable trend with respect to molecular structure and in-
tensity has emerged. However, it is clear that the selectivity of the soluble manganese(IV)

reagent is markedly different to that of acidic potassium permanganate”® *®,

For example, limits of detection for morphine and codeine with permanganate in an aque-
ous polyphosphoric acid environment differ by over three orders of magnitude (1 x 107 Mm
and 3 x 107" M, respectively)®** ¥, but their limits of detection with soluble manganese(IV)
are quite similar (5 x 10 M and 1 x 107 M)**.

Using FIA methodology, the soluble Mn(IV) reagent has been used to determine numerous
pharmaceuticals in commercial formulations>®*. Similarly, vitamin C and tyrosine have been

determined in tablets and injections using FIA and SIA'?.

Validation and interference studies using common excipients suggested that this reagent
was sufficiently selective for accurate measurement of the target analytes in these relatively
simple matrices. Limits of detection in these procedures were between 3 x 10°M and
1 x 107° M, and the dynamic ranges typically covered 1.5-2.5 orders of magnitude.

Lin and co-workers described a FIA system that incorporated a flow-through detector packed
with solid manganese dioxide immobilised on sponge rubber, which they used to establish
dissolution profiles of analgin tablets®®’.

The limit of detection (8 x 10 M) was over three orders of magnitude poorer than that re-
ported in subsequent publications for the determination of analgin with soluble manga-

nese(IV).

The detection of drugs and biomolecules in more complex matrices (such as biological fluids)
with soluble manganese(IV) necessitates the separation of the analyte from interfering spe-

cies?'® 38438 0One approach, adopted by Lu and co-workers for the determination of anal-
gin, indomethacin, indapamide, and tamoxifen in urine, involved the selective adsorption of

the analyte in a glass column packed with a molecular-imprinted polymer.

Once the analyte was absorbed, the interferences were washed away and the chemilumi-
nescence reaction was initiated by pumping the manganese(IV) reagent through the column.
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In each case, a formaldehyde solution was used to both rinse the column and enhance the
chemiluminescence reaction. The total analysis time (3—5 min) was significantly longer than
that required for FIA, but the selectivity was much greater.

The responses for urine samples that did not contain the target analytes were only 1-5%
higher than blank signals obtained with double-distilled water (compared to 230-450%

higher using FIA)?% 3%,

The precision of the molecular imprinted polymer approach (2.4-4.1% RSD) was slightly
poorer than that of the FIA procedures without isolation of the target analyte (1.1-3.4%
RSD). Urine samples from volunteers who had consumed pharmaceutical formulations were
analysed, but the results were not validated against conventional methodology. Good per-
centage recoveries were reported for urine spiked with the analyte. The lifetimes of the

purpose-built columns were not discussed>®* 32,

The same research group has published several similar procedures for the determination of

pharmaceuticals in urine based on acidic potassium permanganate CL388 390,391

Alternatively, CL detection can be coupled with chromatographic separations, for the de-
termination of multiple analytes in complex samples containing interfering species.

Although post-column chemiluminescence detection with soluble manganese(lV) has not as
yet been applied to real samples, Barnett and co-workers have demonstrated the determi-

29 The six

nation of six opiate alkaloids using a commercially available monolithic column
analytes were separated in under 4 min using gradient elution, and detected by merging the
column eluate with a formaldehyde solution and then with the soluble manganese(lV) rea-
gent within a chemiluminescence detector. The relative standard deviation for retention
time and peak area was <0.3% and <4%, respectively. The limit of detection for each of the

six analytes was approximately 5 x 10~" M (when an injection volume of 2 pL was used).

The use of manganese dioxide sol chemiluminescence to determine a wide variety of com-
pounds, including pharmaceuticals, pollutants, etc. is summarised in Table 2.5.

2.4.4.3 Chemiluminescence from manganese(lll)

As mentioned above, manganese(lll) has been shown to generate chemiluminescence.
Junghdhnel and co-workers>*? reported that the oscillating manganese(ll)-catalysed Bel-
ousov—Zhabotinskii system (i.e. the oxidation of malonic acid with bromate catalysed by the
repeated interchange between manganese(ll) and manganese(lll)) evoked a periodic emis-
sion of light with a maximum intensity at 630 nm, which they attributed to excited molecular
oxygen formed by the recombination of HO, radicals.



http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TF4-4PGPVVM-2&_user=7047934&_rdoc=1&_fmt=&_orig=search&_sort=d&view=c&_acct=C000024198&_version=1&_urlVersion=0&_userid=7047934&md5=9be9a9172a9092fc2e4fc0921fe2cdfe#tbl1

However, Karavaev et al. subsequently showed that this emission (which they found to be
most intense at 680—-720 nm) was a result of the reduction of manganese(lll), and postulated
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that the emitter was electronically excited manganese(ll)™”, noting the similarity of the

emission with the corresponding photoluminescence reported by Sveshnikova and Stroga-

nov™*,

Several research groups have developed analytical methods based upon chemiluminescence
from reactions with manganese(lll) species.

Watanabe et al. found that the oxidation of glyoxal in a tartrate buffer using either a man-
ganese(lll)-lactate complex or a combination of hydrogen peroxide and manganese peroxi-
dase, produced an emission of light with maximum intensity at 700-710 nm?'% 3%,

Using FIA methodology, Zhang and co-workers developed a method for the determination of
isoniazid, based on the CL reaction with a manganese(lll) reagent that was generated on-line

by constant-current electrolysis of manganese(ll) sulphate in acidic solution??* 3%,

Previous investigations by Barnett and co-workers in their laboratory have included an ex-
amination of chemiluminescence reactions with a manganese(lll) reagent prepared by add-
ing excess manganese(ll) sulphate monohydrate to the soluble manganese(lV) solution, or
by adding freshly precipitated manganese dioxide and manganese(ll) sulphate monohydrate
to a solution of sodium hexametaphosphatem.

The chemiluminescence spectral distributions for the reaction of sodium tetrahydroborate
with these reagents matched those recorded for reactions with either manganese(lV) or
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permanganate reagents ", and were each attributed to an electronically excited manga-

nese(ll) species.

The on-line electrogeneration of manganese(lll) from manganese(ll) has been applied to the
chemiluminescence determination of a wide range of analytes.

This approach is not limited to manganese(lll); other oxidants such as hypochlorite, hypo-
bromite, silver(ll) and cobalt(ll), which are either unstable in aqueous solution or undesirable
to prepare off-line, have been generated for CL reactions in a similar manner®®°.

In several reports of the electrochemical generation of manganese(lll) for chemilumines-
cence detection, the reagent was prepared by constant-current electrolysis of manganese
(1) sulphate in acidic aqueous solution, within a flow-through electrochemical cell containing
a platinum working electrode. The reagent solution then merged with the analyte/carrier
stream (or column eluate) at a T-fitting, before the reacting mixture entered the detection
cell?> 222 A |ater approach involved merging the manganese(ll) sulphate solution with the
analyte/carrier stream (or column eluate) within a flow-through electrolytic cell that was lo-

cated in front of the detector (photomultiplier tube)??* 2%3%,




The optimum chemical conditions are in part dependent on the instrumental configuration
and target analyte, but the most suitable solution for the electrogeneration of Mn(lll) for CL
detection has generally been found to consist of between 50 mM and 200 mM manga-

nese(ll) sulphate in 3.0 M to 5.0 M sulphuric acid??" 22> 22% 231,397,

A brown deposit, presumably manganese dioxide, was formed on the working electrode

218, 221, 397
d

when sulphuric acid concentrations below 2.0 M were use . Other acids (such as

nitric, phosphoric, perchloric and acetic) resulted in inferior chemiluminescence signals?*>

229,31 ‘a5 shown in Table 2.6, many of the organic compounds determined using chemilumi-

nescence reactions involving manganese(lll) are heterocyclic and/or polycyclic.

However, as the studies to date have each focussed on the detection of only one compound,
the relationship between the chemical structure of the analytes and the CL intensity is yet to
be elucidated. This reagent has also been applied to the detection of sulphite231, and en-

hancers of the chemiluminescence reaction between manganese(lll) and sulphitem’ 229,

To date, most analytical applications of manganese(lll) involve the determination of phar-

maceuticals in tablets and other formulations, using FIA methodologym’ 225,228,229

As with the manganese(lV) reagent, validation and interference studies using common excip-
ients suggest that manganese(lll) is sufficiently selective to accurately analyse these simple

samples?® 2%

However, the use of these chemiluminescence reagents for the detection of drugs and bio-
molecules in more complex matrices such as serum and urine requires separation of the tar-
get analytes from interfering species®’. For example, Zhang and co-workers®’ reported a
HPLC procedure for the determination of a non-steroidal anti-inflammatory drug, indometh-
acin, in human urine.

Sample components were separated using a Cig column and a mobile phase consisting of
methanol/water/acetic acid and a flow rate of 1 mL min’. Indomethacin was eluted within
8 min, and chemiluminescence detection (with manganese(lll)) provided lower limits of de-
tection than those achieved using UV-absorbance.

The indomethacin concentration in the urine of a healthy volunteer that had taken a 50 mg
tablet of the drug was measured eight times over 24 h to demonstrate the potential for clin-
ical monitoring. Percentage recoveries for urine samples spiked with 0.25-1.0 ug mL™* indo-
methacin were between 92% and 108%>%’.

In spite of the previously discussed studies supporting a manganese(ll) emitter in chemilu-

minescence reactions with manganese-based oxidants''% 218 219

, there has been very little
discussion on the possible light-producing pathways for the reaction of electrogenerated

manganese(lll) with organic compounds.




In one paper, however, Zhang and co-workers®*> proposed that the reaction of manga-
nese(lll) with captopril led to the well-known bimolecular emission from singlet oxygen,
largely based on the observed increase and decrease of signal intensity when nitrogen and
oxygen were bubbled through the solutions, respectively, however, the chemiluminescence
spectral distribution was not presented.

Interestingly, Mogel and McFadden detected CL from the oxygenase activity of manga-

nese(ll)-activated d-ribulose-1,5-bisphosphate carboxylase-oxidase (Rubisco)®*®. Although
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initially attributed to the production of singlet oxygen™, Lilley et al. subsequently presented

strong evidence that this luminescence emanated from the manganese(ll) ion at the active
site, due to an electron exchange process involving a transient manganese(lll) intermedi-

ate®®,




Table 2.2 Analytical applications of acidic potassium permanganate CL for the determination of organic molecules

Analyte Acid/enhancers Instrumentation/comments Matrix Limit of detection (LoD) Reference
Acridine yellow Sulphuric acid FIA, some other acridines also pro- Natural waters 5ug L1 (2 x 108 M) R.O. Segarra Guerre-
duce CL ro400
Acriflavine and proflavin | Sulphuric acid FIA, channels and injection loop heat- | Wastewater Acriflavine 10 ng mL1 (4 x 108 M) | O. Rubio Pons401
ed to 68 °C
Acrolein Pyrophosphoric | Multicommutation, on-line photoreac- | Natural and bottled wa- | 0.1 yg L™1 (2 x 10-° M) T. Gamazo Climent6?
acid, ethanol tor, photodegradation prior to analysis | ters, urine, soil
Adrenergic amines Sulphuric acid, | FIA and HPLC (monolithic Cys), iso- Dietary supplements Synephrine 1 x 108 M Octopamine | T. Slezak®
polyphosphate | cratic mobile phase: aqueous tri- 5x 10" M Tyramine 1 x 108 M
fluoroacetic acid Hordenine 5 x 10 M
Albumin Polyphosphoric | FIA Serum Bovine serum albumin 4 yg mL-1 N.T.Deftereos109
acid Human serum albumin 3 yg mL-1
y-Globulins 4 pg mL-1
Aldicarb Sulphuric acid, | Multicommutation, on-line photoreac- | Granular formulation, 0.07 ug L1 (4 x 10-10 M) M. Palomeque®8
quinine tor, photodegradation in SDS and mineral waters
Fe(ll) solution prior to analysis
Atenolol Eud* /H2SO4/ Flow-injection chemiluminescence (FI- | Biological liquid: human | Range 8.0 x 10910 1.0 x 10-5¢ Dongdong Li402
Na2SO3 CL) urine and plasma sam- mL-1LoD: 3 x 109 gmL™?
ples
Amidopyrine Formaldehyde FIA Injection 3x105gL1(1x107 M) Y. He403, 404
p-Aminobenzoates Sulphuric acid, | Batch procedure Spray, ear drops (ben- Benzocaine 30 ng mL™1 (2 x 107 M) | X.R. Zhang*
formic acid zocaine and procaine) Butacaine 20 ng mL-1 (7 x 1078 M)
Butoform 30 ng mL™1 (2 x 107 M)
Procaine 40 ng mL™1 (2 x 1077 M)
Tetracaine 3ng mL~1 (1 x 10-8 M)
p-Aminobenzoates Sulphuric acid, | SIA Injection, teething solu- | Procaine 1 x 1076 M H. Pasekova
formic acid tion (benzocaine and Benzocaine 2 x 106 M
procaine) Tetracaine 3 x 107 M
Amoxicillin Sulphuric acid, | FIA Capsules 0.02 ug mL™1 (6 x 1078 M) J. Dusé
quinine
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Table 2.2 Continued

Analyte Acid/enhancers Instrumentation/comments Matrix Limit of detection (LoD) Reference
Amoxicillin Hydrochloric acid FIA Capsules 6 x108gmL1(2x 107 M) J. Shj405
Amoxicillin Sulphuric acid, formal- FIA Raw medicines, capsules | 4 x 108 M W. Cao?®
dehyde
Amoxicillin Formaldehyde FIA Capsules 3x108gmL1(8x108M) J. Shj406
Amoxicillin Sulphuric acid FIA Pharmaceutical formula- [ 2x 106 M Y. Liang3!
tions
Ampicillin Formaldehyde FIA, analyte degraded in NaOH | Capsules 9x109gmL1(3x108M) K. Zhao%
solution prior to analysis
Analgin FIA Tablets, injections 4x108gmL1(1x107M) L. Li4o7
Antu H.SO,, formaldehyde Stopped-flow procedure Natural water, grains 0.005 pg mL™1 (3 x 108 M) S. Fan408
Arbutin and l-ascorbic | Polyphosphoric acid, HPLC (Casg), isocratic mabile Cosmetics Arbutin 0.2 ug mL™1 (7 x 107 M) Y. Wei®”
acid formaldehyde phase: methanol-phosphate Ascorbic acid 0.3 ug mL1
buffer (2x 106 M)
Aromatic ketone hy- | Formic acid, rhoda- FIA Not applied Benzil dihydrazone 2 x 106 M T.EA. Ah-
drazones mine B Benzophenone hydrazone 3 x 10 M | med40®
Acetophenone hydrazone 3 x 106 M
Benzoin hydrazone 4 x 105 M
Ascorbic acid Sulphuric acid Batch procedure Tablets, injections 3x107"M C.Q. Zhu?10
Ascorbic acid Sulphuric acid FIA Fruit drinks, nutritional 5x107M |.B. Agateres
supplements
Ascorbic acid Sulphuric acid Flow-through sensor, reagent Tablets, vegetables 5ngmL1 (3 x 108 M) Y. Huangs®

electrostatically immobilized on
anion-exchange resin, sensor
lifetime of over 500 injections

Ascorbic acid

Phosphoric acid, hex-

ametaphosphate, for-
maldehyde

FIA and SIA

Tablets

5 x 1078 M (both methods)

N. Anastosi44
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Table 2.2 Continued

Analyte Acid/enhancers Instrumentation/comments Matrix Limit of detection (LoD) Reference
Ascorbic acid Formaldehyde FIA Pills, injections 1x108M C. Xie4!
Ascorbic acid Hydrochloric acid, for- | SIA Tablets, injections 5x1010M X. Xu412
maldehyde
Asulam Sulphuric acid Multicommutation, on-line photore- | Irrigation, tap and 40 ug L1 (2 x 1077 M) A.
actor, carrier heated to 80 °C, pho- | spring water Chivulescu™
todegradation in alkaline glycine
buffer prior to analysis
Baicalin Nitric acid, formalde- HPLC (Casg), isocratic mobile phase: | Pharmaceutical and 3 x 1077 M130 E.B. Liul3
hyde methanol-phosphoric acid herbal formulations
Berberine, pal- H2S04 FIA Cortex Phellodendri Range: 0.038-7.27, 0.031-18.1 and Xueqin Xu413
matine and jatror- and Rhizoma Coptidis | 0.012-3.61 pg/mL
rhizine LoD: 0.005, 0.004 and 0.0007 pg/mL
Bromoxynil Polyphosphoric acid FIA, on-line photoreactor, photodeg- | Synthetic formulation, | 5pug L™ (2 x 10-8 M) Z. Pawlicova*4
radation in ethanol and KOH solu- tap water
tion prior to analysis
Brucine, strychnine | Polyphosphoric acid HPLC (Cis), gradient elution: dihy- | Medicine Brucine 1 x 10710 g mL™1 (3 x 10710 M) L. Zhu#1s
ephedrine and drogen orthophosphate-methanol Strychnine 1 x 108 g mL-1 (3 x 10-8 M)
pseudoephedrine Ephedrine 1 x 105 g mL™1 (6 x 10-5 M)
Pseudoephedrinel x 10-5 g mL-1
(6 x 105 M)
Brucine Tetraphosphoric acid FIA Nux vomica 2x109gmL1(4x10°M) H. Qi#16
Buprenorphine Polyphosphoric acid FIA Tablets 1x108M AA. Al-
warthan4’
Captopril Sulphuric acid, formal- | Stopped-flow procedure Tablets 0.01 ug mL™1 (5 x 108 M) J.A. Murillo
dehyde Pulgarin133
Carbaryl Sulphuric acid FIA Natural waters 15 ng mL™1 (7 x 108 M) G. Tsogas’2
Carbohydrates Sulphuric acid, manga- | FIA Not applied Glucose, galactose, fructose, arabinose, |.B. Agater,145

nese(ll)

xylose, lactose, sucrose, mannitol, glycerol
and ascorbic acid 1 x 104 M
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Table 2.2 Continued

Analyte Acid/enhancers Instrumentation/comments Matrix Limit of detection (LoD) Reference
5-(4-Carboxyphenylazo)-8- | Sulphuric acid 4x107M Y. Zhu#18
salicyldeneaminoquinoline
Carbamate pesticides Pyrophosphoric | Multicommutation, on-line photo- | Urine, surface, tap | Karbutilate 10 pg L1 (4 x 10-8 M) Isoprocarb C.M.P.G. Amo-

acid reactor, oxidant line heated to and bottled water | 30 yg L1 (2 x 10-7 M) Fenobucarb 50 ug L? rim#19
60 °C, photodegradation in NaOH (2.4 x 107 M)
solution prior to analysis
Carbonyl compounds Sulphuric acid, | FIA, off-line derivatisation with 2,4 | Oxidative deterio- | Hexanal 2 x 107 M A. Towns-
formic acid dinitrophenylhydrazine, inhibition | ration of linoleic hend420
of chemiluminescence, samples in | acid
aquous propan-2-ol
Catechol Formaldehyde FIA Tap water 1x108M H. L2
Catechol and dopamine Sulphuric acid Microchip capillary electrophore- Not applied Dopamine 2 x 105 M J.M. Lin422 and
sis, boric acid electrophoresis Catechol 1 x 105 M R. Su?’
buffer
Catecholamines Sulphuric acid FIA, other polyhydroxybenzenes | Theoretical study | Epinephrine (adrenaline) 1 x 107 M Dopamine | H. Ikkai 423
also produce chemiluminescence 1 x 107 M Norepinephrine 1 x 107 M
Catecholamines Formaldehyde/ | ion chromatography (IC) with human urine Range:0.02-0.5 pg/mL HongWei Wu424
H.SO4 chemiluminescence (CL) detection LoD: 0.6 and 5.1 pg/L
Catecholamines Formaldehyde, | FIA and continuous flow, see also | Pharmaceutical Epinephrine 0.03 pg mL™1(2 x 10-7 M) N. Deftereos!2
Sulphuric acid table entry ‘Dihydroxybenzenes formulations (epi- | Norepinephrine 0.05 ug mL=%(3 x 1077 M)
and o-phenylenediamine’ nephrine and |- I-Dopa 0.03 yg mL-1 (2 x 107 M)
dopa) Dopamine 0.04 yg mL™1 (3 x 107 M)
Catechols, catechola- Sulphuric acid, | FIA, screened a number of organic | Theoretical study | 4-Methylpyrocatechol 1 x 105 M T. Nakagama#?
mines, triphenols and in- cerium(lV) or molecules using a number of
doles copper(ll) chemiluminescence systems
Cefadroxil monohydrate Sulphuric acid, | FIA Pharmaceutical 0.05 ug mL™1 (1 x 107 M) F.A. Aly3
quinine formulations,
plasma, urine
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Table 2.2 Continued

Analyte Acid/enhancers | Instrumentation/comments Matrix Limit of detection (LoD) Reference
Cefadroxil Sulphuric acid, | FIA, other cephalosporins and Capsules 25ng mL1 (7 x 10-8 M) C. Thongpoon146
formaldehyde some antibiotics also produce
chemiluminescence
Cefazolin sodium Polyphosphoric | FIA Pharmaceutical | 2 mg L™ (4 x 1076 M) D. Zhang®
acid formulations
Cefoperazone sodium SDBS FIA Urine 4x10°9gmL (6 x 109 M) Z. Chen#0
Cefotaxime sodium Polyphosphoric | Sample hydrolysed in basic me- | Pharmaceutical | 2 ng mL™1 (4 x 1079 M) D. Zhang*3
acid dium prior to analysis formulations
Ceftriaxone sodium Polyphosphoric | FIA, sample hydrolysed in NaOH | Pharmaceutical | 25 ng mL™1 (5 x 1078 M) D. Zhang36
acid prior to analysis formulations
Cephalexin and cephradine | Formaldehyde FIA Pharmaceutical | Cephalexin 0.1 ug mL™1 (3 x 10-7 M) J. Wang#
formulations Cephradine 0.1 yg mL1 (3 x 107 M)
Cephalosporin antibiotics Sulphuric acid, | FIA Tablets, cap- Cefalexin 10 ng mL-1 (3 x 10-8 M) Cefadroxil | Y. Sun?
glyoxal sules, solutions | 2 ng mL™1 (5 x 102 M)
Cefazolin sodium 2 ng mL-1 (4 x 10-° M)
Cephradine Polyphosphoric | FIA Urine 3x109gmL1(9x109M) Z. Chen#?
acid, fluorescein
Chloramphenicol Sulphuric acid FIA, on-line photochemical reac- | Pharmaceutical | 30 ng mL1 (9 x 1078 M) M. Catala Icardo#26
tor, all lines heated to 70 °C, formulations
photodegradation in glycine buff-
er prior to analysis
Chlorogenic acid Hydrochloric FIA Frozen and 6 x10-9gmL1(2x 108 M) X. Wangs8
acid, formalde- dried fruit
hyde
Chlorpheniramine Formaldehyde FIA Pharmaceutical | 0.2 ug mL™1 (7 x 10-7 M) L. Shen427
formulations
Chlorpheniramine maleate | Formaldehyde FIA Tablets 5x108gmL1(1x107M) J. Shj428
Cinnarizine Polyphosphoric | FIA, sample in ethanol Tablets 18 ng mL™1 (5 x 108 M) A. Townshend118

acid, Tween 60
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Table 2.2 Continued

Analyte Acid/enhancers Instrumentation/comments Matrix Limit of detection (LoD) Reference
Citric acid - FIA Aerated water 3x106gmL1(2x105M) H. Yang*?®
Clenbuterol Polyphosphate, for- | Flow analysis, molecular imprint- | Urine 3x 100 gmL1(1x10°M) H. Zhoul38 and Z.
maldehyde, Tween ed polymer within detection cell, Zhang#30
20 applied to microchip430
Clomipramine Formic acid/ HxSO4 | flow-injection analysis (FIA) Range: 0.04-4 pg/mL Zhongling Ji431
technique LoD: 0.008 pg/mL
Codeine Polyphosphoric acid | FIA Not applied 3x107M T.J. Christie38
Dihydralazine sulphate Sulphuric acid, rho- FIA Tablets 2ngmL1(7 x 100 M) X. Yang#32 and D.
damine B Wu433
2,4-Dinitrochlorobenzene | Sulphuric acid Batch procedure, analyte reacted | Synthetic 5x108gmL1(3x107M) X. Liu434
with hydrazine at 100 °C for
90 min prior to analysis
2,4- Sulphuric acid, formic | FIA, all lines heated to 40 °C, Not applied 1x107"M A. Townshend420
Dinitrophenylhydrazine acid samples in aqueous propan-2-ol
Dipyridamole Sulphuric acid, hy- FIA Tablets, injections | 6 x 108 gmL1 (1 x 107 M) M. Yang#3%
drogen peroxide
Dipyridamole Rhodamine B, Tween | FIA 2x108gmL1(3x10°¢M) Z. Rao*3%
80
Dobutamine Hydrochloric acid, FIA Injections 0.07mg L1 (2 x 1077 M) S. Fan#7
formaldehyde
I-Dopa - FIA Tablets 6x10°5gL1(3x107M) M. Yang#38
Dopamine Formaldehyde/ Flow-injection chemilumines- pharmaceutical Range:3.1 x 10-8-1.7 x 105 mol/L LoD: | Saikh Mohammad
H.SO4 cence (FI-CL) preparation 1.0 x 108 mol/L Wabaidur4®
Erythromycin Polyphosphoric acid | Batch procedure, other macro- Not applied 0.2 ug mL1 (2 x 1077 M) A. Mitsana-
or sulphuric acid lide antibiotics also produce CL Papazogloul4
Estradiol, estriol and es- | sodium hexameta- Flow injection nanocrystals Estrogensintap | estriol 5.8 x 10-11 mol/L Lun Wang#40

trone

phosphate and CdTe

NCs

(NCs) chemiluminescence (CL)

analysis

water samples

estrone 4.3 x 10-12 mol/L
estradiol, 1.4 x 10-11 mol/L
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Table 2.2 Continued

Analyte Acid/enhancers Instrumentation/comments Matrix Limit of detection (LoD) Reference
Estrogens Sulphuric acid, for- FIA Tablets, tap water Dienestrol 3 x 109 gmL-1 (1 x 108 M) [ J. Dul1®
maldehyde Diethylstilbestrol 1 x 10-° g mL"?
(4 x 1079 M) Hexestrol 6 x 109 g mL™!
(2 x 108 M)
Ethacridine lactic acid | Hydrochloric acid, FIA Pharmaceutical formula- | 3 x 108 gmL™1 (8 x 1078 M) L. Fang#4
formic acid tions
Ethamsylate Sulphuric acid, formic | FIA Pharmaceutical formula- [ 5x 10-9gmL-1 (2 x 108 M) J. Pan1s3
acid tions
Ethanol Nitric acid Batch procedure Alcoholic beverages (gin) | 0.3% (v/v) (5 x 10-2 M) S.|. Montalvo®2
Etoposide Sulphuric acid Batch procedure Capsules 2ngmL™1 (3 x 109 M) A. Campiglio#42.
443
Eugenol, isoeugenol, | Acidic solution (acid | FIA and batch procedure, analyte in | Pharmaceutical formula- | Eugenol 1 x 10-5 M Isoeugenol A. Mitsana-
caffeic acid and cimet- | type not reported) ethanol, NaOH or water tion (cimetidine) 1 x 1075 M Caffeic acid 1 x 104 M Ci- | Papazoglou44
idine metidine 20 yg mL-1(8 x 105 M)
Ferulic acid Nitric acid FIA Beauty essence 1x107M L.N. Li445
Fenfluramine Calcein/ H2SO4 IFFM-D flow injection CL analyser weight-reducing tonic Range:1.0 x 10-7t0 6.0 x 1076 gmL-1 | Fei Nie#46
LoD: 6 x 108 gmL1
Fluorouracil (5-FU) Formaldehyde/ Flow-injection chemiluminescence pharmaceutical prepara- | LoD: 3 x 10-8gmL™1 Hanwen Sun#47
H>SO4 (FI-CL) tions and biological fluids
Folic acid Sulphuric acid, for- FIA Tablets 2x108M C. Sun#48
maldehyde
Folic acid Formic acid FIA Tablets 1x108gmL1(3x10-8M) Y. Li4%9
Glyoxal Sulphuric acid FIA Synthetic 7x106gmL1(1x10%M) L. Fang#s0
Glutathione (GSH) and | H2SO4 FIA / high performance liquid chroma- | cultured muscle cells Range: 7.5x107t0 1 x 105M,and 5 | Geoffrey P.
glutathione disulphide tography (HPLC) treated for 24 h with glu- | x 107" M McDermott4s?
(GSSG) cose oxidase LoD:-
Heroin Sulphuric acid, poly- | FIA, sample hydrolysed with NaOH | Seizure samples Not reported K.M. Agg#2

phosphate

to morphine prior to analysis
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Table 2.2 Continued

Analyte Acid/enhancers Instrumentation/comments Matrix Limit of detection (LoD) Reference
Human DNA Nitric acid FIA Serum 6 ug mL™! X. Zhu%3
Hydralazine Phosphoric acid, formaldehyde | Stopped-flow procedure Tablets, injections 0.07 ygmL™1 (4 x 107 M) J.A. Murillo
Pulgariniz®
Hydroquinone FIA Wastewater 2x107gmL1(2x 106 M) L. L4
Imipramine and chlor- | Sulphuric acid FIA Urine Impramine 5 x 107 M Chlorproma- | J.L. Lopez
promazine zine 2 x 10 M Paz45s
Imipramine Glyoxal FIA Tablets 1x108gmL?1(4x108M) Y. Xue46
Indole-2,3-dione Formaldehyde/ H2SO4 Flow-injection chemiluminescence | biological samples Range: 0.1-100.0 M (isatin) and Sugin Han457
(isatin) and indole-3- (FI-CL) and soil extracts 0.01-10.0 uM IAA. LoD: 10.0 nM for
acetic acid(IAA) isatin and 1.0 nM for 1AA.
Isoprenaline Sulphuric acid FIA Not applied 1ugmL1(5x 108 M) S.A Al-
Tamrah#58
Isoprenaline - FIA - 2x108gmL1(1x107M) L. Li459
Ketoprofen Sulphite/ H2SO4 FIA ketoprofen in cap- LoD: 2.0 x 1078 mol/L Yafeng
sules and human Range: 5.0 x 108 - 3.0 x 106 mol/L | Zhuang#60
urine sample.
Lasiocarpine Orthophosphoric acid, poly- FIA, some other pyrrolizidine alka- | Not applied 1x107"M B.A. Gor-
phosphate loids produced chemiluminescence man46l
Leucogen Sulphuric acid, rhodamine B FIA, sample prepared in 0.5% Not applied 2x108gmL1(7 x 1078 M) Z. Rao*62
NaOH
o-Lipoic acid Formaldehyde/ sodium hex- FIA [ high performance liquid chro- | Alfa-lipoic acid” cap- | LoD: 4 x 10-3 ug mL™1 E. Wolyni-
ametaphosphate medium (pH | matography (HPLC) sules and in food Range: 0.5-20 pg mL™1 ec463
3) products
Loprazolam Hydrochloric acid, formic acid | FIA, six other benzodiazepines did | Tablets 7x108M AR.J. An-
not give significant emission drews147. 464
Malic acid Sulphuric acid Batch procedure Apple juice, drink 1x109M K. Luo®?
Maltol Sulphuric acid, formic acid, FIA, all lines heated to 80 °C Bread 10 ug L1 (8 x 108 M) M.C. Sanfeliu
hexadecylpyridinium chloride Alonso*65
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Table 2.2 Continued

Analyte Acid/enhancers Instrumentation/comments Matrix Limit of detection (LoD) Reference
Medazepam Sulphuric acid FIA Not applied 2x10°5M S.M. Sultan?66
5-Methoxytryptophol | Perchloric acid, for- | FIA Cerebrospinal 8x10°M X. Wud67
maldehyde fluid
Melamine H.SO4/formaldehyde/ | FIA powdered milk | Range: 0.01-35 ng mL-1 Jamshid L. Man-
sodium dodecyl sul- samples LoD: 8 pg mL™1 Z00ri468
phate micelles and
Au/Ag NPs
Melatonin and relat- | Sulphuric acid, for- FIA Tablets Meletonin 2 x 108 M N-acetyl-5- G.N. Chen1st
ed indoles maldehyde hydroxytryptamine 1 x 10-8 M 5-Methoxyindoly!

acetic acid 2 x 106 M 5-Methoxytryptamine
5 x 108 M N-acetyl-5-methoxy-6-
hydroxytryptamine 5 x 10 M

6-mercaptopurine

jthioacetamide—

Flow-injection chemiluminescence

human serum

Range: 7.0 x 10100 1.0 x 107 g/mL. LoD: 1.9

Lun Wang#6?

sodium hexameta- (FI-CL) samples x 10711 g/mL
phosphate
Methotrexate Sulphuric acid, for- FIA Injection, tablet | 3 x 10-9gmL1 (8 x 10-° M) C. Thongpoon146
maldehyde
Methylene Blue Formaldehyde FIA Injection, biolog- | 0.04 ug mL-1 (1 x 107 M) C. Fan470
ical fluid
Methylthiouracil and | Sulphuric acid, for- HPLC (Cas), isocratic mobile phase: | Serum Methylthiouracil 0.03 ug mL™1 (2 x 10-7 M) Y. Wei4'1

propylthiouracil maldehyde aqueous methanol Propylthiouracil 0.03 ug mL™1 (2 x 10-7 M)
Metoclopramide Hydrochloric acid, FIA Tablets, injec- 0.03 ug mL™1 (1 x 107 M)12L S. Fani2l. 472
formaldehyde tions Z. Wu4™
Mitoxantrone Formaldehyde FIA Injections 6 ug L1 (1 x108 M) S. He#"
Morphine Polyphosphoric acid | FIA Not applied 1x1010M R.W. Abbott110. 214
Morphine Polyphosphoric acid | HPLC (polystyrene-divinyloenzene | Forensic sam- 25ng mL1 (9 x 10-8 M) R.W. Abbott4°
packing), isocratic mobile phase: ples (blood and
polyphosporic acid-methanol, N- urine)

ethylmorphine internal standard

- 85-


http://www.springerlink.com.libaccess.hud.ac.uk/content/?Author=Jamshid+L.+Manzoori
http://www.springerlink.com.libaccess.hud.ac.uk/content/?Author=Jamshid+L.+Manzoori

Table 2.2 Continued

Analyte Acid/enhancers Instrumentation/comments Matrix Limit of detection (LoD) Reference
Morphine Phosphoric acid FIA, screened over 100 compounds | Not applied 1x108g50 uL1 (7 x 107 M) Y.B. Tsaplevl®
Morphine Sulphuric acid, tetraphos- FIA Process streams 5x10¢M N.W. Barnett1>
phoric acid or hexameta-
phosphate
Morphine Tetraphosphoric acid Urine 3ngmL1(1x108M) W. Chang?#®
Morphine and Polyphosphoric acid HPLC Opium, urine Morphine 1 x 10-13 g L1 (4 x 10716 M) Co- | L. Zhu®0
related derivatives deine1x10°9gL?1(3x10°12M)O3-
Monoacetylmorphine 1 x 1011 g L1
(3 x 10714 M) Heroin 1 x 10-10 g L1
(3 x 10-13 M)
Morphine Orthophosphoric acid, hex- SIA Process streams 1x108M N.W. Barnett?3
ametaphosphate
Morphine and Polyphosphoric acid, hex- HPLC (Cas), isocratic mobile phase: | Not applied Morphine 1 ng mL™? (4 x 10-° M) Monoa- | E. Amiott5!
monoacetylmor- | ametaphosphate sodium hexametaphosphate— cetylmorphine 15 ng mL1 (5 x 1078 M)
phine methanol-TFA, nalorphine internal
standard
Morphine Orthophosphoric acid, hex- SIA, heterogeneous reaction condi- | Non-aqueous, wa- | 1 x 1076 M N.W. Barnett22
ametaphosphate tions ter immiscible, pro-
cess streams
Morphine, 6- Polyphosphoric acid CE, separation medium: borate and | Not applied Morphine 23 fmol 6-Monoacetylmorphine | Z. Gong#
monoacetylmor- B-cyclodextrin 66 fmol Heroin 115 fmol

phine and heroin

Morphine, oripav-
ine and pseudo-

Sulphuric acid, polyphos-
phate

CE separation medium: 6-
aminocaproic acid-hexadimethrine

Process liquor

Morphine 3 x 107 M
Oripavine 3 x 107 M

N.W. Barnett24

morphine bromide—a-cyclodextrin, Pseudomorphine 5 x 107 M

Morphine Orthophosphoric acid, poly- | Stopped-flow procedure Process liquor 2x108M S.W. Lewis#76
phosphate

Morphine Sulphuric acid, polyphos- SIA Not applied 5x 1011 M C.E. Lenehan47

phate
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Table 2.2 Continued

Analyte

Acid/enhancers

Instrumentation/comments

Matrix

Limit of detection (LoD)

Reference

Morphine and oripav-
ine

Sulphuric acid, polyphos-
phate

HPLC (Cs ion-pairing), Gradi-
ent elution: acetonitrile—octane
sulfonic acid, KMnO4 also used
to oxidise Ru(bipy)s2* reagent
to detect codeine and thebaine

Process liquor

Morphine 1 x 10-6 M Oripavine
3x10%M

C.E. Lenehan?¢

Morphine

Phosphoric acid, polyphos-
phate

HPLC (monolithic Css), separa-
tion conditions not reported

Maggots reared on mor-
phine spiked mince meat

Not reported

J.A. Gunn478

Morphine and oripav-
ine

Orthophosphoric acid, poly-
phosphate

HPLC (monolithic C1g), gradient
elution; methanol-trifluoroacetic
acid

Process liquor

Morphine 1 x 10-10 M Oripavine
5x 10710 M

J.W. Costin47®

Naftopidil Sulphuric acid, formalde- FIA Not applied 14 ng mL1 (4 x 10-8 M) A. Townshend12>
hyde or formic acid
Naloxone Phosphoric acid Stopped-flow procedure Pharmaceutical formulations | 0.01 ug mL-1 (3 x 10-¢ M) J.A. Murillo Pul-
garin320

Naltrexone Sulphuric acid Batch procedure Tablets, capsules 2ngmL™1(6 x 109 M) A. Campiglio#80
Naphazoline and Formaldehyde/ H2SO4 Flow-injection chemilumines- pharmaceuticals 8.69 x 10-3 mg/L for naphazoline Nan-Nan Wang#s!
oxymetazoline cence (FI-CL) and 3.47 x 102 mg/L for oxymeta-

zoline
Naphthols Sulphuric acid, rhodamine B | FIA, other naphthols also pro- | Not applied 2-Naphthol 1 x 1076 M (no sensitiz- | S.A. Al-Tamrah482

duced chemiluminescence er) 1-Naphthol 5 x 107 M (sensitizer

used)
Neurotransmitters Orthophosphoric acid, poly- | FIA and HPLC (monolithic Cyg), | Urine (homovanilic acid and | Homovanilic acid 3 x 108 M 3,4- J.L. Adcock>
metabolites phosphate gradient elution: methanol- 5-hydroxyindole-3-acetic Dihydroxyphenylacetic acid

trifluoroacetic acid

acid)

2 x 10-8 M 5-Hydroxyindole-3-acetic
acid 5 x 10-% M Vanilmandelic acid
4 x 108 M 4-Hydroxy-3-
methoxyphenylglycol 1 x 10-8 M
(established using FIA)
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Table 2.2 Continued

Analyte

Acid/enhancers

Instrumentation/comments

Matrix

Limit of detection (LoD)

Reference

Neurotransmitters
and metabolites,
and opiate alka-
loids

Sulphuric acid, poly-
phosphate

Hybrid FIA/HPLC (monolithic C1s)
system, gradient elution: methanol-
trifluoroacetic acid

Urine (neurotransmit-

ters and metabolites)

Homovanilic acid 3 x 10-7 M Serotonin

2 x 1078 M 5-Hydroxyindole-3-acetic acid
1 x 1077 M Vanilmandelic acid 5 x 107 M

Morphine 3 x 10-® M Pseudomorphine
1 x 1078 M Oripavine 3 x 109 M

J.L. Adcock483

Octopamine,
synephrine, tyra-
mine, N-
methyltyramine
and hordenine

sodium polyphosphate/
H2S04

FIA / high performance liquid chroma-

tography (HPLC)

weight-loss products

Range: 1 x10°5t0 1 x 103 M
LoD:1x109and 1x 108 M

Dane W. Percy484

Octyl dimethyl
PABA

Sulphuric acid

FIA, ethanol in carrier stream

Sunscreen

25ng mL1 (9 x 10-8 M)

A. Townshend®

Organic pollutants | Sulphuric acid, ferrous | Continuous flow Natural waters Gallic acid 8 x 107 M K. Fujimori’
ions
Organic pollutants | Sulphuric acid, ferrous | FIA Seawater Not reported K. Fujimori’?
ions
Oxalate Formaldehyde Urine 5x103gmL1(5x102M) Y. He#ss
Oxytetracycline Sulphuric acid, formal- | FIA Binding of oxytetra- [ 5x 1077 M L. Wang?*86
dehyde cycline to albumin
Penicillin G po- Sulphuric acid, formal- | FIA, analyte degraded in NaOH solu- | Raw medicines 7x108gmL1 (2 x 1077 M)487 W. Cao and Z.
tassium dehyde tion prior to analysis Zhang32
Penicillins Sulphuric acid, glyoxal | FIA Tablets, capsules, Phenoxymethylpenicillin 0.05 yg mL-1 Y. Sun?
injections (1 x 107 M) Amoxicillin 0.03 pyg mL-?
(8 x 10-8 M) Ampicillin 0.03 ug mL-1
(9 x 10-8 M) Ampicillin sodium
0.05 ug mL™1 (1 x 107 M)
Perphenazine Sulphuric acid FIA Synthetic sample 50 ppm (1 x 104 M) S.M. Sultan6
Phenacetin formaldehyde Flow analysis, molecular imprinted Pharmaceutical for- | 2 x 1077 g mL™1 (1 x 10-6 M) H. Zhang*e8

polymer within detection cell

mulations, urine

- 88-



Table 2.2 Continued

Analyte Acid/enhancers Instrumentation/comments | Matrix Limit of detection (LoD) Reference
Phenol Sulphuric acid, formic | FIA, all lines heated to 80 °C, | Waste and ground | 1 ng mL™1 (1 x 1078 M) B. Gomez-
acid on-line pre-concentration on | water Taylor Coromi-
solid-phase column nas1ss
Phenol Hydrogen peroxide FIA Wastewater 3x108gmL1(3x107M) L. L8
Phenol Hydrochloric acid, FIA Wastewater 3x10°9gmL1(3x10¢M) W. Cao™
formaldehyde
Phenols Sulphuric acid Flow analysis, on-line pre- Natural waters Phenol 5 ng mL-1 (5 x 1078 M) J. Michatowski?3
concentration column (if
needed)
Phenols Sulphuric acid - Wastewater 1x10%M Y. Li4%0
Phenols (antioxi- Orthophosphoric ac- | FIA, correlation of antioxidant | Total phenolic Catechin 5 x 109 M Epicatechin 1 x 10-8 M Querce- | J.W. Costin49
dants) id, polyphosphate activity to chemiluminescence | content of wine tin 4 x 10710 M Rutin 7 x 10-8 M Caffeic acid
response samples 2 x 108 M Ferulic acid 3 x 10-8 M Gallic acid
5x 108 M Vanillin 7 x 107 M 4-Hydroxycinnamic
acid 2 x 108 M
Phenols and amines | Sulphuric acid, poly- | FIA, see also table entry Not applied 8-Quinolinol 5 x 10-7 M 2,3-Diaminonaphthalene N.W. Barnett492
phosphate, formalde- | ‘Serotonin, related indoles 1 x 10-% M Eriochrome black T 4 x 10-6 M Calmagite
hyde and morphine’ 2 x 1076 M Pyrocatechol violet 6 x 107 M Tryptamine
1x 107 M I-Tryptophan 1 x 107 M
Phenols, dihy- Sulphuric acid, qui- Multicommutation, all lines Pharmaceutical Hydroquinone 30 ug L™ (3 x 107 M) Resorcinol B. Gomez-
droxybenzenes and | nine, benzalkonium heated to 60 °C formulations, pho- | 10 yg L1 (9 x 10-8 M) Phloroglucinol 10 yg L1 Taylor Coromi-
polyphenols chloride tographic solution, | (8 x 108 M) Pyrocatechol 40 ug L1 (4 x 107 M) 4- nas%
natural waters Hydroxybenzoic acid 20 ug L= (1 x 10-7 M) Querce-
(hydroquinone) tin 20 yg L1 (7 x 10-8 M) Eugenol 80 pg L1

(5 x 1077 M)
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Table 2.2 Continued

Analyte Acid/enhancers Instrumenta- Matrix Limit of detection (LoD) Reference
tion/comments
Phenols (polyphe- Glyoxal FIA, inhibition of chemilu- 1x107"M C. Yu4ss
nols) minescence from reaction
of KMnO4 with glyoxal
Phenylhydrazines, Sulphuric acid, formic | FIA, some analytes in Not applied 2,4-Dinitrophenylhydrazine 5 x 10-10 M Hexanal oxime A.
hexanal oxime, hy- acid, rhodamine B aqueous propan-2-ol 1 x 1075 M Hydroxylamine 1 x 104 M Dimethylglyoxime Townshend120
droxylamine and di- 1x104M
methylglyoxime
Phentolamine Sulphuric acid, formal- | FIA Injections, plas- 5ngmL1(2x 108 M) J. Pan1s3
dehyde ma, urine
Phentolamine me- FIA Injections, urine, | 0.01 ug mL™1 (3 x 10-¢ M) W. Liu4%4
sylate plasma
Phenylephrine hy- Sulphuric acid FIA, all lines heated to Pharmaceutical 20 ppb (1 x 107 M) Y. Fuster Mes-
drochloride 80 °C formulations tred9s
Phloroglucinol Formaldehyde FIA - 3x10°M C. Xie4%
Polyhydroxyben- Sulphuric acid FIA, see also table entry Not applied Epinephrine 8 x 10-6 M Norepinephrine 1 x 10-5 M Dopa- N. Deftereosi?2
zenes and o- ‘Catecholamines’ mine 2 x 10~ M |-Dopa 6 x 10-¢ M Hydroquinone
phenylenediamine 1 x 1075 M Pyrogallol 1 x 10-5 M Phloroglucinol 8 x 106 M
Pyrocatechol 5 x 10-6 M Resorcinol 6 x 1076 M o-
Phenylenediamine 9 x 10-6 M Gallic acid 5 x 106 M
Polyhydroxyben- Sulphuric acid, hex- FIA Bulk Catechol 2 x 106 M Resorcinol 1 x 106 M Hydroquinone J. DolejSova*97
zenes ametaphosphate 1x10%M
Polyhydroxyben- Sulphuric acid, formic [ HPLC (Cis), isocratic mo- | Natural water Catechol 5 x 103 mg L1 (5 x 10-8 M) Resorcinol S. Fani24, 4%
zenes acid bile phase: methanol- 5x103mg L (4 x 10-8 M) Hydroquinone 3 x 10-3 mg L1
phosphoric acid (3 x 108 M) 1,2,4-benzenetriol 4 x 103 mg L1 (3 x 108 M)
Polyhydroxyben- Sulphuric acid, hex- | FIA Bulk Pyrogallol 7 x 107° M Phloroglucinol 1 x 10°M1,2,4- |J. Dolejso-
zenes ametaphosphate Trihydroxybenzene 5 x 107 M va*®’
Promethazine hy- | Glyoxal FIA Tablets, injec- 4x10%gmL™t (1x 107 M) Y. Xue™®
drochloride tions
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Table 2.2 Continued

Analyte Acid/enhancers Instrumentation/comments Matrix Limit of detection (LoD) Reference
Promethazine Sulphuric acid FIA Pharmaceutical 2x10°M S.M. Sultan4?
hydrochloride formulations
Propanil and oth- | Sulphuric acid Multicommutation, on-line Synthetic formu- | Propanil 8 ug L™ (4 x 10-8 M) Alachlor 41 pg L™? J.R. Albert-
er anilide pesti- photoreactor, photodegrada- | lation, natural (2 x 107 M) Flumetsulam 25 ug L1 (8 x 10-8 M) Garcia®®
cides tion in acetate buffer prior to | waters Furalaxyl 34 pg L1 (1 x 10~ M) Ofurace 58 pg L1
analysis (2x 107 M)
Propranolol Sulphuric acid FIA Tablets 70 ng mL1 (3 x 1077 M) A.
Townshend12
Propranolol hy- Polyphosphoric acid, FIA Tablets 1x107gmL1(3x107M) W. Lius00
drochloride ferrous ions
Propranolol Sulphuric acid Multicommutation Tablets, injection | 20 mg L1 (8 x 10-> M) Marques°0?
Psilocin Orthophosphoric acid, FIA Mushrooms 9x1010M N. Anastosio
hexametaphosphate
Psilocin Orthophosphoric acid, HPLC (Cy), isocratic mobile | Mushrooms Psilocin 1 x 108 M N. Anastos#?
polyphosphate phase: methanol-ammonium
formate, 4-hydroxyindole
internal standard and MnOy4-
Pyruvate Sulphuric acid, quinine | FIA Serum 0.8 ug mL™1 (9 x 106 M) M.L. Feng4%
Reserpine Polyphosphoric acid, FIA Pharmaceutical 3x107gmL1(5x 107 M) L. Li%02
hydrogen peroxide formulations
Resorcinol - FIA Wastewater 0.06 ug mL™1 (5 x 107 M) L. Li503
Reserpine, re- Polyphosphoric acid (pH | Batch procedure and FIA, Tablets Reserpine 0.04 ug mL1 (7 x 10-8 M) (FIA) Rescinna- | N. Pinotsis!13
scinnamine and | adjusted with NaOH) sample in glacial acetic acid mine 0.04 yg mL-1 (6 x 10-8 M) (Batch) Yohimbine
yohimbine 0.03 ug mL™1 (9 x 10-8 M) (FIA)
Resorcinol Formaldehyde FIA - 3x10°M C. Xig504
RNA Hydrochloric acid, eth- Synthetic 0.06 ug mL™? H. Zhuang®05
idium bromide
Rutin Sulphuric acid, hexme- | FIA Tablets 5x10%M J. DolejSovasvs
taphosphate
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Table 2.2 Continued

Analyte Acid/enhancers Instrumenta- Matrix Limit of detection (LoD) Reference
tion/comments
Salbutamol Sulphuric acid, polyphos- | FIA Capsules, syrup 3x 108 M N.W. Bar-
phate nettso7
Salbutamol Sulphuric acid, polyphos- | SIA, on-line solid-phase Urine 0.03 pg mL™1 (1 x 107 M) J. Huclova3™
phate extraction
Salbutamol - FIA Tablets, aerosol 60 ng mL1 (3 x 107 M) L. Li508
Salicylamide Sulphuric acid FIA, all lines heated to Capsules, urine 20ng mL1 (2 x 1077 M) Y. Fuster
80 °C Mestre509
Salicylic acid Glyoxal Benzoic acid 8x10%M Y. Lib10
Salicylic acid Formaldehyde FIA Pharmaceutical formula- 3x107"M C. Xied11
tions
Salicylic acid Sulphuric acid Multicommutation, anion- Pharmaceutical formula- 0.3 ug mL™1 (2 x 1076 M) E.J. Llorent-

exchange gel in detection
cell retains permanganate

tions

Martinez512

Serotonin, related Sulphuric acid, polyphos- | FIA, see also table entry Not applied Serotonin 5 x 10710 M 5-Hydroxytryptophan | N.W. Bar-
indoles and morphine | phate ‘Phenols and amines’ 3 x 109 M 5-Hydroxyindole-3-acetic acid nett492
2 x 10-8 M Morphine 1 x 10-10 M
Serotonin, dopamine, | Sulphuric acid CE, sodium tetraborate Not applied 1 x 104 M for each analyte Y. Leed13
norepinephrine and electrophoresis buffer
catechol
Sulfadiazine Polyphosphoric acid, for- | FIA Pharmaceutical formulation | 2 x 107 M H. Liu34
maldehyde
Sulfadiazine Formalde- Flow-injection chemilumi- compound naristillae Range: 8.0 x 10710 2.0 x 104 mol/L. LoD: | Haiyan Liu3
hyde/polyphosphate acid | nescence (FI-CL) of 2.0 x 10-7 mol/L
Sulphonamides Sulphuric acid, glutaral- SIA Eye drops, tablets (sul- Sulphanilamide 1 x 10-> M Sulphacetamide | H.
dehyde facetamide and sulfafura- 1 x 1075 M Sulphathiazole 9 x 10-6 M Sul- Pasekova3®

zole)

phadimidine 3 x 10-> M Sulphafurazole
9 x 1076 M Sulphamethoxypyridazine
2 x 1075 M Sulphaguanidine 9 x 106 M
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Table 2.2 Continued

Analyte Acid/enhancers Instrumentation/comments Matrix Limit of detection (LoD) Reference
Sulphonamides Sulphuric acid, hexa- | FIA, on-line photoreactor, sam- | Dissolution profiles of | Sulphacetamide 60 pg L1 (3 x 10~ M) Sulphadia- M. Catala Icar-
decylpyridinium ple heated to 70 °C before in- | sulfamethoxazole zine 80 yg L1 (3 x 107 M) Sulphadimidine 80 yg L1 | do38!
jection, photodegradation in pharmaceuticals (3 x 107 M) Sulphaguanidine 80 pg L1 (4 x 10~ M)
water or sulphuric acid prior to Sulphamerazine 60 pg L1 (2 x 10-7 M) Sulphameth-
analysis oxazole 60 pg L1 (2 x 10-7 M) Sulphamethoxypyri-
dazine 80 ug L™ (3 x 107 M) Sulphanilamide
30 ug L1 (2 x 10-7 M) Sulphathiazole 60 ug L™?
(2x 107 M)
Sympathomimetic | Sulphuric acid, formic | FIA Tablets, drops, plas- Etilefrine 0.2 ug mL=1 (9 x 107 M) Isoxsuprine F.A. Alyl49
drugs acid ma, urine 0.2 ug mL™1 (7 x 10-7 M) Prenalterol 0.03 ug mL-1
(1x 107 M)
Tannic acid Perchloric acid, qui- | FIA, all lines heated to 60 °C Pharmaceutical and 100 g L? B. Gomez-
nine galenic formulations, Taylor Coromi-
urine, natural waters nas’®
Terbutaline sul- Sulphuric acid, for- FIA Binding of terbutaline | 3 x 108 M Z. Wang?3"
phate maldehyde to albumin
Tetracyclines Hydrochloric acid, FIA Tablets Tetracycline 0.4 ug mL™1 (9 x 10-7 M) Oxytetracy- Z. L4
octylphenyl polyglycol cline 0.5 uyg mL™1 (1 x 10-6 M) Chlortetracycline
ether 0.6 ug mL™1 (1 x 106 M)
Tetrahydrobenzo- | Formic acid FIA 5x108M S. Zhang®1s
thiazolyl imine
2,354 Nitric acid, formalde- | HPLC (Cus), isocratic mobile Chinese medicines 12 uyg mL1 (3 x 10-° M) H. Wei516
Tetrahydroxystil- | hyde phase: acetonitrile—phosphoric
bene-2-0--d- acid
glucoside
Thiamine Sulphuric acid FIA, on-line photoreactor, pho- | Tablets, ampoules 0.05mg L1 (2 x 107 M) A.
todegradation in sulphuric acid Wasielczuk5

prior to analysis
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Table 2.2 Continued

Analyte Acid/enhancers Instrumentation/comments Matrix Limit of detection (LoD) Reference
Thiazides Sulphuric acid FIA, on-line photoreactor, photodegra- | Not applied Not reported using KMnO. M. Ci-
dation in NaOH solution prior to analy- borowskis18
sis, Ce(IV) gave greater emission
Thiol-containing Sulphuric acid, quinine FIA Pharmaceutical formula- Cysteine 0.01 yg mL™1 (8 x 10-8 M) Glutathione Y. Lis
drugs tions (cysteine and capto- | 0.02 ug mL1 (7 x 10-8 M) N-Acetylcysteine
pril) 0.02 ug mL-1 (1 x 10-7 M) Captopril 0.006 pg mL"?
(3x 108 M)
Thioridazine hydro- | Sulphuric acid FIA, other phenothiazine derivatives Tablets 1x10%M A. Kojto19
chloride produced chemiluminescence
Trimetazidine Polyphosphoric acid Batch procedure Serum, urine 2ng mL (8 x 109 M) L.P. Palilis®®
Trimethoprim Sulphuric acid, hexameta- SIA Tablets 0.1pgmL1(3x 107 M) M.
phosphate Polasek!16
Tryptophan Galangin/polyphosphoric Flow-injection chemiluminescence (Fl- Range 0.05-10 ug/mL Hui Chens2t
acid (PPA) CL) LoD: 5.0 x 10-3 pg/mL
I-Tryptophan - FIA Mixture of 18 amino acids | 2 x 1077 g mL (1 x 10-6 M) M. Yang52
Tsumacide Nitric acid, rhodamine 6G FIA, sample degraded in KOH solution | Vegetables 7x10%mgL?(4x10°M) H. Lius2
prior to analysis
I-Tyrosine Hydrogen peroxide FIA - 4x107gmL1(2x 105 M) L. L5
I-Tyrosine Sulphuric acid Amino acid injection 9x107M C. Zhus%
Tyrosine Formaldehyde FIA - 3x108gmL1(2x 107 M) Y. He5%
Tyrosine and tryp- | Orthophosphoric acid, poly- | FIA, on-line Cys guard column separa- | Mixture of 20 amino acids | Tyrosine 5 x 10-8 M Tryptophan 3 x 108 M Tyro- | J.W. Cos-
tophan phosphate tion, tyrosine sineatpH 6.75 1 x 108 M tin49t
Uric acid Nitric acid, octylphenyl poly- | FIA Urine 0.06 ug mL1 (3 x 107 M) Z.Liv7
glycol ether
Uric acid Hydrochloric acid, formalde- | FIA Urine 6x106gL1(4x10¢M) M. Lius3e®
hyde
Vanillin and related | Sulphuric acid or polyphos- | Batch procedure Commercial vanilla prod- Vanillin 0.05 pg mL-1 (3 x 10-7 M) Ethylvanillin M. Timothe-
compounds phoric acid ucts 0.003 pg mL-1 (2 x 1078 M) 4-Hydroxy-3- ou-
methoxybenzylalcohol 0.0009 yg mL™! 6 x 10°M [ Potamia52®
Vitamin E Sulphuric acid, formalde- FIA, inhibition of chemiluminescence, Tablets 3.0x10°¢M L. Li®®

hyde

acetone medium
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Table 2.3 Determination of inorganic compounds with acidic potassium permanganate’

Analyte Acid/enhancers Instrumentation/comments Matrix Limit of detection (LoD) Reference
Arsenic(ll) Sulphuric acid, hexametaphos- | FIA Not applied 0.3pgL1(4x10°M) S. Sa-
phate tienperakult’
Copper(l) Formaldehyde FIA - 6x108gmL1(1x106M) |Y.He50
Gold nanoparticles | Sulphuric acid FIA Not applied 5x10%M Z. Zhang®1
Hydrazine Sulphuric acid Batch procedure, gas sampling de- | Workroom air 2x108gmL1(6x107M) |Z He%
vice with hydrazine trap, hydrazine
derivatives also produce light
Hydrogen peroxide | H2SOa, octylphenyl polyglycol FIA, compounds that affect micelle | Rain water 6x10°M M.L. Feng’®
ether formation interfered
Hydrogen sulphide | Sulphuric acid, riboflavin phos- | Flow analysis, reagent nebulised to 0.5 ppm N. Om;is33
phate react directly with gas
lodide Formaldehyde - Food 2x108gmL1(1x107M) |Y.He0andQ.
Gap90, 534
lodide Formaldehyde Inhibition of chemiluminescence Food 8x107M E. Liu?
lodide Formaldehyde SIA Food 1x108M C. Gao%
lodide Hydrochloric acid, formaldehyde | FIA lodized salt 1x107M M. Yaqoob®
Iron(ll) Hydrochloric acid, formaldehyde | FIA Natural water 4x100gmL1(8x10°M) |Y.He4
Iron(1l) Hydrochloric acid, formaldehyde | FIA Natural water 0.6 ug L1 (1 x 108 M) W, Lis3%
[ron(1l) Hydrochloric acid, formaldehyde | FIA, total iron determined after re- Natural water 1x10°M M. Yaqoob137
duction of iron(1ll) to iron(1l)
Manganese(ll) Butane-2,3-dione (diacetyl) Quantitation based on the effecton | Alloys 6x108M C. Zhu1ss
the reaction rate of acidic perman-
ganate with butane-2,3-dione
Nitrite Sulphuric acid, acriflavine FIA, on-line pre-concentration with | Natural waters, industrial | 10 ug L™ (2 x 107 M) (with- | M. Catala
solid-phase reactor, inhibition of CL. | formulations, soil samples | out pre-concentration) Icardo’
Permanganate in- | H2SO4 Flow-injection chemiluminescence | - Range:0.3—200 mg/L Jinjun TIAN536

dex (CODwn)

(FI-CL)

LoD: 0.3 mg/LCODwn
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Table 2.3 Continued

Analyte Acid/enhancers Instrumentation/comments Matrix Limit of detection (LoD) Reference
Reductants: iron(ll), Formaldehyde FIA Y. He%7
sulphide, iodide, Cu(l)
Sulphite Sulphuric acid, riboflavin FIA, sulphide and thiosulfate also produce chemilumines- | Not applied 0.9ng 10 yL-1 (1 x 10°6 M) M. Yamada5%®
phosphate or brilliant sulfafla- | cence
vine
Sulphite Sulphuric acid, riboflavin or FIA, other cyclohexanes tested for enhancing effect Not applied 1ng20 L1 (8% 1077 M) S.A Al-
CAPS Tamrah5%®
Sulphite Riboflavin Flow sensor, reagents electrostatically immobilised on ani- | Beer, wine 0.06 mg L1 (8 x 1077 M) W. Qin8*
on-exchange resin, sensor lifetime of ~.1000 injections
Sulphite and sulphur Sulphuric acid, SDBS, Batch procedure, sulphur dioxide sampled by bubbling air | Air (sulphur diox- Sulphite 5% 10° M H. Meng®
dioxide tris(1,10- through triethanolamine solution ide)
phenanthroline)ruthenium(ll)
Sulphite and sulphur Sulphuric acid, SDBS, Batch procedure, sulphur dioxide sampled by bubbling air | Sugar (sulphite), Sulphite 3x 108 M H. Meng®®
dioxide tris(2,2'-bipyridyl)ruthenium(ll) | through triethanolamine solution air (sulphur diox-
ide)
Sulphite Quinine FIA, permanganate immobilized on anion exchange resin, | Beer 5x108gmL1(6x 107 M) P. Qus4
sensor lifetime of over 200 injections
Sulphite Sodium hexametaphosphate / | pervaporation flow injection chemiluminescence (PFI-CL) | Food samples Range of 0.5-10.0 mg L Sakchai Sa-
rhodamine B in 0.02 M HsPO4 LoD: 0.2 mg L1 tienperakul>*
Sulphur dioxide Sulphuric acid Batch procedure, analyte sampled by bubbling air through | Not applied 20 ng cm3 J. Stauff*
agueous tetrachloromercurate
Sulphur dioxide Sulphuric acid Batch procedure, analyte trapped on filter impregnated Atmospheric air 0.03 g m-358.59 W. Jaeschke®
with tetrachloromercurate 57-59
Sulphur dioxide Sulphuric acid Batch procedure, analyte trapped on filter impregnated Atmospheric air 8 pptveo F. Meixnerss. 60.
with tetrachloromercurate 542,543
Sulphur dioxide Sulphuric acid, flavin mononu- | Continuous flow, reagent nebulised to react directly with Not applied 3 ppbv M. Kato®6
cleotide, Tween 85 gas
Sulphur dioxide Sulphuric acid Continuous flow, analyte stabilised in alkaline solution with | Rain water 0.8ngmL1(1x108M) K. Takeuchig®
sodium formate 544
Sulphur dioxide and Riboflavin phosphate Continuous flow, on-line gas trap, successive determina- Atmospheric air Sulphur dioxide 2 x 107 M Hy- | M. Ishii63
hydrogen sulphide tion of two analytes, thiosulfate also produces light drogen sulphide 9 x 107 M
Tin(l) Hydrochloric acid, HCOH FIA, sulthydryl cotton separation Natural waters 0.04 ug L1 (3 x 10710 M) S. Fan*®s
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Table 2.4 Determination of compounds that enhance of the CL from acidic potassium permanganate and sulphite’

Analyte Acid/enhancers Instrumenta- Matrix Limit of detection (LoD) Reference
tion/comments

Acemetacin Phosphoric acid, sulphite FIA 7x108M X. Li¥%

Aminopyrine Dithionite FIA Tablets 6 x108gmL1(3x 107 M) L. Li546

Bile acids Sulphuric acid, sulphite FIA, Ce(IV) gave greater Not applied Not reported with KMnO4 [.M.
intensity Psarellis>4?

Brucine Polyphosphoric acid, sul- Flow analysis, molecular Urine 2x10°9gmL1(5x10°M) M. Liu3®1

phite

imprinted polymer within
the detection cell

Carbamates and oth- | Sulphuric acid, sulphite FIA Natural waters (carbaryl and Carbaryl 10 ng mL1 (5 x 1078 M) A. Waseem>48
er pesticides carbofuran) Carbofuran 50 ng mL™1 (2 x 1077 M)
Dinoseb 100 ng mL-1 (4 x 10-7 M)
Diazinon 100 ng mL™1 (3 x 10-7 M)
Malathion 300 ng mL-1 (9 x 10-7 M)
Ciprofloxacin Sulphuric acid, thiosulfate FIA Tablets, injections, blood, urine | 4 x 109 gmL (1 x 108 M) H. Sun>¥
Ciprofloxacin Sulphuric acid, dithionite FIA, terbium(lll) used as Tablets, urine, serum 4x10°M Z. Zhang®%0
enhancer
Enoxacin and ofloxa- | Hydrochloric acid or sul- FIA, terbium(lll) used as Pharmaceutical formulation, Enoxacin 2 x 1010 M L. Yis51
cin phuric acid, sulphite enhancer urine Ofloxacin 6 x 1010 M
lbuprofen Sulphuric acid, sulphite FIA Tablets, urine 0.02mg L1 (1 x 10-7 M) Y. Li%%2
Ketoprofen Sulphuric acid, sulphite FIA Tablets, urine 2x108M Y. Zhuang*60
Methyltestosterone Sulphuric acid, thiosulfate FIA, sample in aqueous Fish 1x108gmL1(3x108M) Z. Xie%
acetone
Morphine Polyphosphoric acid, sul- Flow analysis, molecular Urine 2x1079gmL1(7 %100 M) Y. He3%
phite imprinted polymer within
the detection cell
Naproxen Sulphite FIA Capsules 2x10°9gmL1(9x 100 M) Y. L%
Noscapine (narcotine) | Sulphuric acid, sulphite FIA Synthetic 8x10°9M Y. Zhuang®s3
Papaverine Sulphuric acid, sulphite FIA Injections, compound liquorice 1x107"M Y. Zhuang®5#

tablets
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Table 2.4 Continued

Analyte Acid/enhancers Instrumentation/comments Matrix Limit of detection (LoD) Reference
Paracetamol Sulphuric acid, sulphite FIA Tablets 2x109gmL1(1x108M) X. Xiong®%s
Pazufloxacin mesylate | NaOH (but final reaction mix- FIA, europium(lll) used as en- | Serum, urine 3x10°M X.L. Wang»56
ture was pH 6), dithionite hancer
Pipemidic acid Sulphuric acid, sulphite FIA Binding of pipemidic acid |2 x 10" M B. Li%57
to albumin
Pipemidic acid Sulphite FIA Pharmaceutical formula- | 3 x 108 gmL1 (1 x 107 M) L. Liss8
tions
Pipemidic acid Tetraphosphoric acid, dithionite | FIA Tablets, capsules 3x106gL1(1x108M) M. Yang>%®
Pipemidic acid Dithionite FIA, europium(lll) used as en- | Tablet, urine 4x107°9M X. Li%45
hancer
Riboflavin Polyphosphoric acid, dithionite | FIA Tablets, injections 6x108gmL1(2x107 M) L. Li560
Riboflavin Polyphosphoric acid, sulphite | FIA Pharmaceutical formula- | 3 x 108 gmL-1(8 x 10-8 M) L. Lis6l
tions
Sinomenine hydro- Thiosulfate HPLC Serum, urine 8x108gmL1(2x107M) Y. Sun%62
chloride
Sulfamethoxazole Sulphite FIA Bulk 3x107gmL1(1x106M) L. Ljs63
Tetracyclines Phosphoric acid, sulphite HPLC (Casg), isocratic mabile Honey Oxytetracycline 3 ng mL™? G. Wans64
phase: acetonitrile—phosphoric (7 x 1079 M) Tetracycline
acid, B-cyclodextrin used as 5ng mL™1 (1 x 108 M) Metacy-
enhancer cline 0.9 ng mL™1 (2 x 109 M)
Tetrahydropalmatine | Dithionite565, thiosulfate66 or FIA Tablets 3x10-9gmL1(9 x 10-9 M)565 L. LiS65-567
sulphited67
Trimethoprim Thiosulfate FIA Tablets 4x108gmL1(1x107M) M. Yang>46
Trimethoprim Sulphuric acid, thiosulfate Flow analysis, molecular im- Tablets, urine 2x108gmL1(7 x 1078 M) M. Yang>46
printed polymer within the de-
tection cell
Vitamin B6 Polyphosphoric acid, dithionite | FIA Tablet, injection 6x105gL1(3x 107 M) L. Lis68
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Table 2.5 Analytical applications of manganese(lV) as a CL reagent

218

Analyte Instrumentation Sample Matrix Limit of detection | Reference
& comments (LoD)
Ascorbic acid FIA Tablets, injections | 2 x 108 M Zhus69
Ascorbic acid FIA/SIA Vitamin C tablets | 5x 108 M Anastos1?
Atropine FIA - 5x 1076 M Brown219
Cefazolin FIA - 4x107M Brown218
Cefoperazone FIA - 3x107"M Brown?218
Cefradine FIA Pharmaceuticals | 3 x 108 M Brown?218
Ceftriaxone FIA - 3x109M Brown?218
Ciprofloxacin FIA - 3x108M Dus3s4
Ciprofloxacin FIA - 1x107M Lis70
Codeine FIA - 5x10¢M Barnett38s
Codeine FIA/HPLC - 1x108M Brown?219
Dipyrone (analgin) FIA Tablets 8x10° M Zhao3®7
Dipyrone (metamizol) FIA Injections 2x107M Brown?18
Dipyrone (analgin) FA(MIP) Urine 4x108M Hes5™
Fenoterol FIA - 1x108M Brown219
Heroin FIA - 1x106M Brown219
5-Hydroxyindole-3-acetic acid FIA - 1x108M Brown219
5-Hydroxytryptophan FIA - 1x108M Brown2L9
Indapamide FA(MIP) Urine 2x108M Nig388
Indomethacin FA(MIP) Urine 1x107M Nie38
Iron(l1) FIA - 3x107M Barnett3%s
Manganese(ll) FIA - 5x108M Barnett3ss
Morphine FIA - 8 x 108 M Barnett3ss
Morphine FIA/HPLC - 5x10¢M Brown?219
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Table 2.5 Continued

Analyte Instrumentation Sample Matrix Limit of detection Reference
& comments (LoD)

Norfloxacin FIA Capsules 3x108M Dyss4
Norfloxacin FIA Capsules 3x108M Brown?219
Ofloxacin FIA - 5x 108 M Du?384
Ofloxacin FIA - 3x108M Brown2L9
Oripavine FIAIHPLC - 5x 109 M Brown?219
Papaverine FIAIHPLC - 1x10°9M Brown219
Pseudomorphine FIAIHPLC - 1x109M Brown?219
Pyrogallol FIA - 5x109M Brown219
Serotonin FIA - 1x108M Brown2L9
Sulfadiazine FIA - 1x107M Brown218
Sulfaguanidine FIA - 9x108M Brown?218
Sulfamethoxazole FIA Tablets 8x108M Brown218
Tamoxifen FA(MIP) Urine 1x107M Nig388
Thebaine FIAIHPLC - 5x 109 M Brown?219
2-Thiobarbituric acid FIA - 5x 109 M Brown?219
Timolol maleate FIA Eye drops 7x1077M Brown?218
Tryptamine FIA - 5x109M Brown219
Tryptophan FIA - 1x108M Brown?19
Tyrosine FIA Amino acid injection | 1 x 106 M Nig572
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Table 2.6 Analytical applications of electrogenerated Mn(lll) as a CL reagent*?

Analyte Instrumentation Sample Matrix Limit of detection | Reference
& comments (LoD)

. .. . ~ Brown218
Adreson (cortisone acetate) | FIA Tablets and injections | 1 x 108 M
Aminopyrine (amidopyrine) | FIA Tablets and injections [ 9 x 10-7M Brown?18
Ascorbic acid HPLC Beer, serum, urine 2x107M Yang®’3
Captopril FIA Tablets 8x108M Zheng?25
Cephradine FIA Tablets and injections | 6 x 108 M Brown?218
Chlorpromazine FIA Tablets 2x107M Brown?218
Dexamethasone 21- FIA Pharmaceutical 1x1077 M Chen22
phosphate
Indomethacin HPLC Tablets and urine 2x108M Zhang3¥7
Quinine FIA Tablets 4x10¢M Zheng?29
Reserpine FIA Injections 8x10°M Brown?18
Sulfite FIA SOz in air 8x108M Zheng?3!
Tryptophan FIA - 2x106M Brown?18
Adreson (cortisone acetate) | FIA Tablets and injections | 1 x 108 M Brown?18

This review surveys a broad range of applications and shows a comprehensive picture of the
current status of the manganese-based chemiluminescence in analytical chemistry. The
most commonly used manganese reagent in the chemiluminescence analytical applications
is undoubtedly the permanganate chemiluminescence detector thanks to its unique fea-
tures. Permanganate is a strong oxidant with a unique affinity for oxidizing a range of re-
ductants with potential chemiluminescence emission, particularly in acidic conditions due to
a conversion of MnQO, ion to the more active oxidants and the potential involvement of five
oxidation states of manganese. In addition, permanganate has the ability to react with divers
chemiluminescence enhancers, such as low molecular weight aldehydes and metal ions than
manganese(lll) and manganese(lV). These characteristics have made permanganate suitable
and a first choice manganese-based reagent for analytical applications. Mn(lll) and Mn(IV)
reagents also possess characteristics that provide new CL detections, such as the immobilisa-
tion of solid manganese dioxide, the production of colloidal manganese(lV) nanoparticles
and the electrochemical generation of manganese(lll). However, Mn(lll) and Mn(IV) reagents
are not very appropriate for the less acidic media because of their stability and preparation
conditions. For example manganese(lll) is readily disproportionates into the manganese(ll)
or reduction of manganese(lV) but can be stabilised by acidification, by complexation with
anions or by adding manganese(ll). Stable solution of manganese(lV) can be prepared by dis-
solving freshly precipitated manganese dioxide in 3M orthophosphoric acid.
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Chapter 3
Materials and Methods

3.1 Chemicals

All the chemicals used in the research were of analytical grade unless stated otherwise and
purchased from diverse suppliers as follows:

Acros Organics, Loughborough, UK

e N-acetyl-tryptophanamide (NATA), 98%, 245.28 g/mole, C13H15N30,

a-D(+) -Glucose anhydrous, 99%, 180.16 g/mole, C¢H1,0¢

Glyoxal (1,2-ethanedione), 40%, 58.04 g/mol, C;H,0,

Manganese(lll) acetate dihydrate, 98%, 268.09 g/mol, CsHsMnOg 2(H,0)
Glyoxylic acid (Formylformic Acid), 50% aqueous solution, 74.04 g/mol, C;H,05
Sigma-Aldrich Chemical Co Ltd, Gillingham, Dorset, England

e N-Bromosucciniomide (NBS), 99%, 177.99 g/mole, C4H4BrNO,
2,6-Dichloroindophenol sodium salt hydrate (2,6-Dichlorophenolindophenol sodium
salt), 90 - 100%, 290.08 g/mol, C1,HsCl,NNaO,

Gallic acid(3,4,5-trihydroxybenzoate) 99.0% min, 170.12 g/mol, C;HgOs5

Pyridoxine hydrochloride (Vitamin 6), 99%, 205.64 g/mol, CgH1,CINO;

Metronidazole, 99%, 171.15 g/mol, C¢HgN30;

Tetracycline hydrochloride, 99%, 480.9 g/mol, C;,H,5CIN,Og

BDH Chemicals (VWR Chemicals), West Chester, United Kingdom

e Ascorbic acid (Vitamin C), 100%, 176.12 g/mol, CcHgOs
e Manganese(ll) sulfate tetrahydrate, 98 - 100%, 223.07 g/mole, MnSO44H,0
e Oxalic acid dehydrate, 99.8%,126.07 g/mol, C,H,04-2H,0
e Potassium permanganate, 90 - 100%,158.034 g/mol, KMnO,
e Pyrogallol(1,2,3-Trihydroxybenzene),126.11 g/mol, C¢HgO3
Cambrian Chemicals Inc., Oakville, Ontario, Canada

e Malic acid (hydroxysuccinic acid), 99% minimum, 134.09 g/mol, C4HgOs
Rohm and Haas (UK) Ltd, Dewsbury, West Yorkshire, England
e Ethylenediamine (1,2-Diaminoethane - EDA), 99%, 60.103 g/mol, C,HgN,
Fisher Scientific, Loughborough, Leicestershire, England
e Formaldehyde(methanal) 37-41%, 30.026 g/mol, CH,0
May and Baker Ltd (Rhone-Poulenc Group), Dagenham, Essex, England, United Kingdom

® Nickel(ll) nitrate hexahydrate (1:2:6), 90 - 100%, 290.79 g/mol, Ni(NOs), 6H,0.
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3.2 Preparation of solutions

All reagents were of analytical grade unless stated otherwise and their solutions were pre-
pared by dissolving the appropriate amount in deionised water, as for the examples below.
The pH was adjusted prior to bringing the solution to final volume. NaOH or HCl were uti-
lized to adjust the required acidity. Storage conditions depended on the solution. Most of
solutions were stored at room temperature (~15 — 25 °C) or in the refrigerator at 4°C. If
needed, the solutions were protected from light by storage in dark bottles.

3.2.1 Potassium permanganate solutions

A stock 0.02 mol/L permanganate standard solution was prepared, using the method of Vo-
gel’’* by dissolving about 3.2g of KMnO, in 1 L of deionised water using a large beaker. The
obtained permanganate solution was then gently boiled using a hot plate in the hood to de-
stroy reducible substances (traces of organics remaining in deionised water). The solution
was cooled down and stood overnight before it can be filtered through a glass filtering cru-
cible to remove manganese dioxide impurities and stored in amber coloured bottle in a re-
frigerator. KMnO, was standardized by titration against oxalate. The concentration of the
solution that was not acidified remained stable for several weeks. Working solutions were
daily prepared by dilution of the stock standard solution.

Calibration standards were measured over entire UV-Vis region to determine max absorp-

tion. KMnOy absorbed best at = 525 nm and the peak maxima measured for dilute aqueous

permanganate solutions agreed well with published data'®>".
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Figure 3.1 2D UV-visible spectra of solutions of KMnO,4 at 0.005M
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3.2.2 Manganese(ll) sulfate

Manganese(ll) sulfate tetrahydrate was dissolved in the required strength of deionised wa-
ter.

3.2.3 Manganese(lll) reagent

A stock 0.05 mol/L Mn(lll)reagent solution was prepared either by dissolving about 1.16g of
Mn(lll) acetate dehydrate in 100 ml of 2 mol/L H,SOy, or by dissolving about 1.98g of Mn(ll)
sulfate tetrahydrate in 60 ml of deionised water and adding with constant stirring 20 ml of
concentrated sulphuric acid. The mixture was then cooled down in an ice bath to below 10
°C. Separately, 0.158g of potassium permanganate was dissolved in 20 ml of deionised water
with stirring.

Fosorbance SKO008-2.glb : DATA
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Figure 3.2 2D absorption spectra of solutions of Mn(lll) at 0.05M

The permanganate solution obtained was slowly added to the M(Il) sulfate solution with
constant stirring. Stirring was continued for 10 minutes to complete the reaction and the
solution was kept in ice during the preparation to maintain the temperature below 10 °C.
The Mn(lll) reagent solution obtained was stored in amber coloured bottle in a refrigerator
and its concentration remained stable for several weeks. Mn(lll) absorbed best at = 500nm
and the peak maxima measured for dilute agueous Mn(lll) solutions agreed well with pub-
lished data™.

3.2.4 Manganese(lV) reagent

A stock 0.05 mol/L manganese(lV) reagent solution was prepared by slowly adding about
200 ml of aqueous reducing agent (0.35 — 0.70 g of hydrazine sulphate or 0.60 — 0.75 g of
hydroxylamine sulphate) to a solution of KMnO, (7.90g KMnO4 in 600 ml of 12 mol/L H,S0,)
with stirring.
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After the addition of reducing agent, the solution was stirred for another 15 minutes and
then transferred to a 1000 ml volumetric flask and filled to the mark with 9 mol/L H,SO, so-
lution. Mn(IV) absorbed light at = 400nm, which is very different from that of Mn(lll) and
MnO, and was used for Mn(IV) measurements in these experiments. The spectrum of
Mn(IV) measured for dilute aqueous Mn(IV) solutions agreed well with published data™®.

Absorbance SEO01G-1.g0b ; DATA
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Figure 3.3 2D UV-visible spectra of solutions of manganese (IV) at 0.05M

3.3 Instrumentation and Equipment

3.3.1 Volumetric equipment

Standard laboratory grade B glassware, volumetric flasks, one mark and graduated pipettes,
cylinders, burettes and air displacement pipettes (Gilson, Anachem) were used without fur-
ther calibration.

3.3.2 Weighing

Weighing was carried out using 2 decimal place top pan (Salter BP2200) and 4 decimal place
or 4/5 place (Precisa 405 M-200A) analytical balances as appropriate.

3.3.3 pH measurement
pH meter model Mettler Toledo MP 220 was used and calibrated with pH 4, 7 and 9.2 buffer

solutions prepared from buffer tables (BDH). Relative accuracy: + 0.01. Fisher Scientific,
Loughborough, UK.
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3.3.4 UV-visible spectrophotometry

UV-visible spectra were obtained using a Shimadzu model 160A scanning UV/vis spectropho-
tometers, (Shimadzu corporation, Japan).

Silica and optical glass cuvettes with a 10 mm path length were used. These UV/vis spectro-
photometers were used to scan and measure the decrease in absorbance at 525 nm, 500
nm, 400 nm, and absorption maxima for MnO,4’, Mn(lll) and Mn(IV), respectively.

3.3.5 Stopped flow measurements

Absorbance and chemiluminescence kinetics measurements were carried out using an elec-
tronics upgraded SX.18 to match an SX.20 stopped-flow reaction analyzer instrument, ther-
mostated (+1°C) by circulating water bath, fitted with a 20ul volume removable cell car-
tridge, 1.1ms dead-time, cell with optical path lengths of 10mm and 2mm and equipped
with a sequential mixing capability, a rapid-scanning detection system (Applied Photophys-
ics) and a dual detection accessory that allows the user to simultaneously acquire single
wavelength absorbance and fluorescence data. A Fisher Scientific Isotemp 3016 water bath
was used to maintain the temperature of the reaction mixtures within 0.1 °C. Data analysis
was performed using either by Pro-Kineticist software interfaced to the instrument or Mi-
crocal Origin software version 4.1 and Microsoft Office Excel 2007, by importing data into
spreadsheets of data analysis.

The SX.20 was controlled by a Pro-Data instrument software and electronics running under
Windows™, which provided comprehensive tools for data acquisition, display and analysis,
Standard features included: wavelength scanning, repeat drives for signal averaging, acquisi-
tion of time-resolved spectra (Spectra Kinetic technique), linear- logarithmic- and splittime-
base, digital oversampling, temperature-dependent scanning and kinetics capability. In addi-
tion, PC ProK and ProKIl software packages as global analysis tools for multiwavelength data
analysis.

SX.20 stopped-flow system components including 150W Xenon lamp power supply and ig-
niter unit, lamp housing (lamp fitted) that provides easier alignment procedures and opera-
tion fitted with a non-ozone producing xenon arc lamp.

Monochromator (Mono1), optical rail for mounting of the lamp housing and monochroma-
tor and fibre optic light guide.

Single (with option sequential) mixing sample handling unit (SHU) fitted with cell cartridge
chambers for fast and convenient stopped flow cell exchange and a side mounted autostop
assembly, fitted with the latest design of autostop mechanism. Electronics unit fitted with
single detection channel and computer fitted with fibre optic interface card.
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Hamamatsu R6095 red extended photomultiplier tube that provides high sensitivity for UV
to near IR in the spectral response range of 185-900nm for absorbance detection and a Ha-
mamatsu R6095 photomultiplier tube (extended red tube), suitable for a wide detection
range 300-900nm for fluorescence and chemiluminescence detection.

PC Workstation Sample Handling Unit | Monochromator — Lamyp Housing

Flectronics Unit LishtGuide  OpticalRail ~ Power Supply Unit

Figure 3.4 SX.20 Stopped-Flow Spectrometer (with option sequential mixing)

2.5 mL Kloehn or Hamilton drive and stop syringes are the standard type fitted to SX instru-
ments. These syringes feature PEEK (Polyetheretherketone) pistons for corrosion free opera-
tion over the temperature range 0-60°C.

The micro-volume flow lines were constructed from PEEK or Teflon (PTFE) material, howev-
er, under acidic experimental conditions of the oxidation reactions investigated, PEEK tubing
were replaced by Teflon (PTFE) ones, which turned out to be more robust, resistant to chem-
ical corrosion and less oxygen permeable.

Flangeless ferrule compression terminals result in few leaks and longer life of the lines. All
these accessories were supplied by Applied Photophysics.
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3.3.6 Validation of stopped-flow instrumentation

To ensure that the system fulfills the quality requirements and is still operating satisfactorily
and analytical measurements are reliable and accurate, two important reaction tests rec-
ommended by the manufacturer were performed.

3.3.6.1 Reaction of acid hydrolysis of tri (ethylamine) nickel (Il) ion

The reaction of acid hydrolysis of tri (ethylamine) nickel (II) ion was used to check the gen-
eral performance of the spectrometer. The reaction has several isosbestic points, for
demonstrating the generation of time-resolved spectra from kinetic data acquired over a
broad wavelength range.

The overall reaction has more than one step with the first being completed in about 10 to 20
ms. The final stage of the reaction is still taking place after several seconds. Figure 3.5 below
shows the time resolved spectra constructed from data acquired and those which highlight-
ed the isosbestic points were plotted. The time resolved spectra obtained are quite typical
for the SX.20 stopped-flow spectrometer.

Figures 3.6 to 3.9 show the time profiles of data collected at the isosbestic wavelengths i.e.
330, 350, 570, 710 nm.
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2-10ms Acid hydrolysis of :-
003 L Tris(ethylamine)nickel (I1) ion.
' 18
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Figure 3.5 Time resolved spectra for the SX.20 stopped-flow spectrometer

- 108-



Figure 3.6 Time profile of data collected at the isosbestic A33p nm

Figure 3.7 Time profile of data collected at the isosbestic A3s50 nm
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Figure 3.8 Time profile of data collected at the isosbestic As7o nm

Figure 3.9 Time profile of data collected at the isosbestic A710 nm
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3.3.6.2 Determination of the dead-time

Dead time is the main factor that governs the performance of a stopped flow. It is defined as
the time required for the solution to flow from the centre of the mixer to the centre of the
observation cell.

The determination of the dead-time performance of the SX.20 stopped-flow spectrometer

7% The reduc-

has been performed according to the methodology as published by Tonomura
tion of 2, 6-Dichlorophenolindophenol (DCIP) by L-ascorbic acid is discussed in considerable
detail in that paper (including the effect of pH) with respect to its use as a test reaction for
dead-time determinations on stopped-flow instrumentation. From the stock ascorbic solu-
tion, the following concentrations were prepared using the HCI/NaCl solution for dilution: 2
mM, 5 mM, 10 mM, 15 mM, 20 mM, 30 mM, 40 mM, 60 mM, 80 mM, 100 mM, and the con-
centration of DCIP was 500 uM to reproduce the conditions of pseudo-first reactions. Kinet-
ic data collected for each of the ascorbic acid concentration, and after overlaying the kinetic
traces (Figure 3.10) for each of ascorbic acid concentrations together with their appropriate

kobs™) “aach of the fitted curves was

kinetic fits (using a single exponential equation A=A, e
extrapolated and found to intersect at a common point which is considered as the starting

time of the reaction and this point was taken to be zero time (t,).

Figure 3.11 is a plot of the absorbance intensities from the experiment as a function of the
measured rate constants (ko). The data were fitted to the exponential equation
A=A, e'(k°bs*t), where t represents the dead-time, kops is the measured rate constant, A and A,
represent the absorbance intensity of the reaction and initial absorbance intensity, respec-
tively. When data were fitted to the above equation, the dead-time (t) was calculated to be
1.54 ms (+ 0.05 ms). The typical result for the SX.20 spectrometer with 10 mm path length
(regular light guide) is 1.18 ms to 1.37 ms. The results obtained are slightly different from
those given by the manufacturer but it is far better than the Hi-Tech Scientific Stopped-flow
instrumentation used for preliminary work.

Graph 3.12 shows a fit defining the rate constants observed (kops) determined from the ex-
periment plotted as a function of ascorbic concentration. This graph shows the increasing
rate of the reaction is linear as a function of ascorbic concentration within the concentra-
tions range of 2 to 40 mM. The measured rate constant (kops) Was also plotted against the
final ascorbic acid concentration (mM) in order to establish at which rate constant, deviation
starts to occur (kops = 833.3 S’l).

The results show that SX.20 stopped-flow reaction analyser can be used to study rapid reac-
tions in solution. The range of reactions accessible is limited only by the dead time, response
time and resolution of the instrument. Sophisticated data processing facilities are also avail-
able which allow reaction mechanisms to be determined and component spectra, concen-
tration profiles and rate constants to be calculated.
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Figure 3.10 The reduction of 2,6 — dichlorophenolindophenol (DCIP) by L- ascorbic acid of
concentrations: 2.0, 5.0, 10.0, 15.0, 20.0, 30.0, and 40.0 mM

Figure 3.11 Absorbance plotted vs. rate constants to determine the dead-time (t)
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Figure 3.12 Plot of rate constants vs. ascorbic acid concentrations
3.4 Experimental procedures

This section provides detailed information relating to experimental operation of the SX.20
stopped-flow reaction analyser hardware.

3.4.1 Stopped-flow absorbance kinetics

The kinetics of manganese oxidants (e.g. MnQy,') reactions with the organic substrate (S) (e.g.
glyoxal) was carried out using a stopped-flow spectrophotometer (SX.20, Applied Photophys-
ics, UK). The kinetic measurements were conducted under pseudo- first-order conditions,
where substrate concentrations (S) were present in a large excess over that of oxidant con-
centration, at least ten times that of the oxidant to allow determination of pseudo first-
order rate constants, and at constants of temperature 25+0.1 °C, [H*]=2.0 mol/L, unless oth-
erwise is mentioned.

The reaction was started by mixing the requisite amounts of the manganese oxidant with
the substrate. The progress of the reaction was monitored by following the rate of disap-
pearance of manganese oxidants by measuring its absorbance during the reaction at appro-

priate absorption maximum (example 525 nm for MnO4, 500 nm for Mn(lll) and 400 nm for
Mn(IV)).

A range of important parameters was adjusted to control the input signal:
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Detection mode in the signal panel of the Pro-Data:  Absorbance mode

Sequencer panel: Kinetics mode

Trigger panel: External Trigger

Timebase panel: Set appropriate acquisition time based
on the timescale of the reaction and
points:1000

Monochromator panel: Set wavelength

Slit widths: 0.5 mm

Water as reference material: Set baseline to zero the absorbance
detector.

In a typical experiment, one syringe of the stopped-flow instrument was filled with 0.02M
MnO, and the other syringe filled with 0.20M, 0.40M, 0.80M, 1.60M or 3.20M Glyoxal solu-
tion, at the appropriate pH. After 1:1 volume ratio mixing of the reagents, the absorbance
of MnQj, as a function of time data were collected at 520 nm over 10 minutes. The pseudo-
first-order rate constants were obtained from the plots of log[MnQ,] versus time; the plots
were linear up to 75% completion of the reaction and ks values were reproducible within
+5%. During the progress of the reaction, the colour of the solution changed from violet to
uncoloured.

The pseudo-first-order rate constants, k;, were obtained by nonlinear least-squares fits of A;
versus time(t) according to equation A; = A + (Ag — A) ebs™ \where Ay and A.. are the
initial and final absorbance, respectively.

The rate constants of the reaction represent an average of 10 replicates. Second-order rate
constants, k,, were calculated from the slope of the linear plot of the pseudo first-order rate
constants versus substrate concentration.

Three-dimensional plots of absorbance, wavelength and time were analysed using a global
nonlinear regression fitting program, PC ProK and ProKll software packages, available from
Applied Photophysics. All reported rate constants are tabulated using post mixing reagent
concentrations. Reported rate constants are an average of at least three independent meas-
urements and were determined by nonlinear regression fits to a minimum of 400 data
points.

3.4.2 Stopped-flow chemiluminescence kinetics

Stopped-flow chemiluminescence measurements were also made using the Applied Photo-
physics SX.20 stopped-flow spectrophotometer (Applied Photophysics, Leatherhead, UK). In
a typical experiment, the same concentrations of solutions used for the absorbance meas-
urements were used for chemiluminescence measurements by changing only the detection
mode into fluorescence mode in the signal panel of the Pro-Data.
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The procedure for measurements was the same as described above. The reagents were
mixed and profiles of chemiluminescence intensity versus time obtained over 10 minutes, as
for absorbance kinetics, were recorded at its maximum emission. Chemiluminescence signal
follows rise-fall kinetics with a fast increase in the signal followed by a similar decrease. Non-
linear least-squares fit of the chemiluminescence profiles from the reaction to single expo-
nential decay equation provided the measured rate constant (kons). The kinetics of the CL
system profiles were analyzed using the following sequential-reaction model;

k k

1 2

A B C (Equation 3.1)

where A reactants; B, intermediates; and C, products; and kiand k», are rate constants. Using
this model, the chemiluminescence intensity is proportional to the concentration of [B], and
all reactions steps are first order, and irreversible reactions. The rate constant kjand k,, were
measured independently in separate experiments in which, only the disappearance of the
oxidizing agent (KMnQ,4, and Mn(lll)) is monitored by UV absorption. Reported rate con-
stants are an average of at least three independent measurements and were determined by
nonlinear regression fits to a minimum of 400 data points.

3.5 Significance of the following experiments

Manganese oxidants in acidic media are powerful, but selective, oxidizing agents that have
great potential of producing an analytically detectable chemiluminescence emission. They
are presented as the most efficient oxidants for direct liquid phase chemiluminescence pro-
cesses. The chemiluminescence reactions between, particularly, acidic permanganate and
organic analytes are probably the most sensitive and have found the broadest applications.

However, some of these analytes found as chemiluminescent are, in reality, very weak
chemiluminescence compounds, as they do not react directly or react very slowly under the
reaction conditions with permanganate and produce insufficient chemiluminescence signal
for developing suitable analytical CL-procedures. Therefore, strategies such as the use of re-
actants (e.g. formaldehyde) or catalytic (e.g. Mn**) additives to enhance the native chemi-
luminescence signal intensity of such a compound are developed14°.

It was postulated that the resulting chemiluminescence intensity, which is the rate of emis-
sion of photons/sec from a chemiluminescence reaction, is the product of the oxidation
turnover of analyte. And that the chemiluminescence emission is transient and occurs at a
rate that is dependent on both the chemical processes and the physical processes of solu-
tion mixing4.

In fact, almost all liquid phase reactions involving manganese-based oxidants are potentially
chemiluminescent. However, it is thought that the intensity of the chemiluminescence emis-
sion is determined by the kinetics of the oxidation reaction.
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If the oxidation process is too slow or extremely fast then the chemiluminescence emission
will not be observed. Thus, it was hypothesized in this study that as the rate of the oxidation
reaction increases, the intensity of the chemiluminescence emission increases and the
chemiluminescence process is entirely chemical kinetics dependent rather than a physical
process of solution mixing.

The purpose of the following experiments was to test this hypothesis by changing the rates
of reactions using reactants (e.g. formaldehyde) or catalytic (e.g. Mn?*) additives or simply
by varying the concentration of the organic analyte or the oxidant.
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Figure 3.13 List of chemical structures of target molecules examined in this study
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Chapter 4

Kinetics Study of Chemiluminescence Reactions in the Manganese-based
Oxidation of Various Organic Substances

4.1 Introduction

AbdeI—Mageed10 showed that the rate of MnO, oxidation reaction of gallic acid (C;HgOs) is
faster (t12 ~10 ms) compared to the rate of MnO, oxidation reaction of glyoxal (OCHCHO)
(tz2 ~ 1000 ms). However, on mixing glyoxal and gallic acid, the MnO, oxidation reaction of
the resulting solution becomes faster (t1/, ~ 25 ms) and at the same time the intensity of CL
emission signal is increased about tenfold (even by several orders of magnitude in some cas-
es) compared to the individual CL emission signals measured separately (Figure 4.1).
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Figure 4.1 CL time courses for the oxidation of glyoxal and gallic acid in mixture by MnO,.
Reaction conditions: [OCHCHO] = 0.1M; [C;H¢Os] = 0.0025M; [MnO,] = 0.0015M™.

Therefore the primary aim of this section is to extend Abdel-Mageed’s work to a range of
analytes of interest in process analysis, chemical, biological and pharmaceutical industries,
clinical diagnostics, environmental and forensic sciences, etc. The second aim is to character-
ise the oxidation processes of these substances by permanganate, Mn (IV) and Mn (lll) with
a focus on characterizing the kinetics curves of the CL and light-producing reactions.

Indeed, a large number and type of compounds were tested, according either to their inhib-
iting, enhancing or catalytic effect on the chemiluminescent oxidation reaction. The results
of these studies are expected to lead to the prediction of new analytical methods.

In the first set of experiments we tried to limit the potential intermediates by focusing on
simple compounds such as glyoxal, glyoxyl acid and oxalic acid.
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These compounds showed high reactivity with all three manganese oxidants, generated fair-
ly intensity CL emission and the dependence of the intensity of the CL on various parameters
could be measured with complete reliability. In the next set of experiments we chose organ-
ic compounds which reacted with permanganate at different rates. In comparison with gly-
oxal; compounds chosen were of - similar rate (e.g. malic acid, tetracycline, etc.); faster rate
(pyrogallol, gallic acid, etc.); and slower rate (metronidazole). Under the conditions em-
ployed, most of these chemical systems generated with all three manganese oxidizing
agents, significant CL signal and predictably analytically useful CL under acidic conditions.

4.2 Chemiluminescence in glyoxal (OCHCHO) oxidation reactions

It has been shown that If we consider the oxidation of glyoxal with permanganate and the
enhancement of chemiluminescence with formaldehyde, then, using the observation that
Mn(lll) oxidations exhibit the same chemiluminescence as permanganate and manganese
dioxide oxidations and based on the known chemistry of agueous manganese solutions, it is
possible to postulate a mechanism.

The suggested main steps involved in a glyoxal-permanganate-formaldehyde chemilumines-
cence system is as follows (Scheme 4. 1):

(Iv)
Very fast
(CHO), ;
- CHO 2
Mno, Mn (CHO), Mn
~3s ~2s
HCHO
~1s

Scheme 4.1The hypothetical mechanism for the enhancement of the observed CL emission
during the oxidation reaction of glyoxal by MnO,

Primary reactions of MnO,4 with glyoxal and formaldehyde involving a four (or three) elec-
tron reduction of MnO4 - the reduction of MnO,4 leads to Mn(lll) intermediate which then
rapidly react with glyoxal to form excited Mn(Il) species(Mn(l1)*) that emits light.

Thus formaldehyde increases the CL signal intensity by increasing the concentration of the
intermediate Mn>". In this case Mn(IV) seems to react at a similar rate so it may be that it is
in rapid equilibrium with Mn>". In this section the chemiluminescence reaction of MnO, and

- 118-



glyoxal in sulphuric acid medium and the mechanism of formaldehyde enhancement are ex-
amined.

4.2.1 Permanganate oxidation of glyoxal

Glyoxal (C,H,0,), also known as ethanedial or ethanedione, is a simple organic compound
and the smallest dialdehyde (two aldehyde groups). As a low molecular weight and di-
functional aldehyde, glyoxal provides high reactivity and fairly intensity CL emission when
reacted with permanganate. Thus, the oxidation of glyoxal was selected as a substance test
for a model chemiluminescent reaction to start this work.

Preliminarily experiments on glyoxal oxidations by permanganate indicated that the kinetics
of the reaction and chemiluminescence curves are of such rates that they can conveniently
be measured using an SX.20 stopped-flow reaction analyzer instrument with both absorb-
ance and fluorescence detection.

Further understanding of the reaction mechanism may enable the enhancement of the sen-
sitivity and lead to the development of new chemiluminescence systems.

The kinetics of manganese oxidant disappearance and of the chemiluminescence production
were investigated.

The oxidation of glyoxal by permanganate in sulphuric acid medium has been previously re-
ported to elicit analytically useful chemiluminescence. Using flow injection analysis proce-

dure, Fa ng450

reported the analytical application of acidic potassium permanganate as a
chemiluminescence reagent for the chemiluminescence detection of glyoxal in synthetic ma-
trix with detection limit of 1 X 10™ M. Also, glyoxal has been used as enhancer for acidic
permanganate chemiluminescence detection’. Therefore, it was decided to look at the CL of

glyoxal oxidation by permanganate in sulphuric acid medium.

Kinetic experiments of oxidation of glyoxal with MnO, were conducted at a constant tem-
perature of 25 °C under the reaction conditions relevant to CL emission signal exhibition.
Figures 4.2 and 4.3 give typical examples of the MnO4 absorbance time course and the CL
emission time course obtained for the oxidation of glyoxal by MnO,".

It is evident from Figure 4.2 that glyoxal is rapidly oxidized by MnO, in sulphuric acid medi-
um and the absorbance time course indicates half-life (ti,) reaction of 10 seconds and the
MnO, reduction efficiency is up to 99.5% within 20 seconds.

The reaction-time curve is found to be of inverted S-shape (sigmoidal) throughout the entire
range of reaction and both kinetic curves and log — time profile in figure 4.2 show an inflec-
tion, which indicates that the oxidation of glyoxal by MnO, proceeds in two stages.
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The initial rate is relatively slow in the early stage, followed by an increase in the reaction
rate over longer time periods.

This is consistent with an autocatalytic reaction, the initial rate (no catalytic) is relatively
slower in the early and first stage, followed by the second stage (auto acceleration) in which
an increase in the reaction rate over longer time period is observed.
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Figure 4.2 Plot of absorbance time course for MnO, oxidation reaction of glyoxal. Experi-
mental conditions: [MnO4] = 0.0025M; [OCHCHO] = 0.025M; [H,S04] = 2M; Wavelength =
525 nm; Temperature = 25°C.

It is possible that the shoulder in the CL corresponds to the first and slower early stage (no
catalytic stage) during which MnO, slowly interacts with glyoxal to generate Mn(lll). In pres-
ence of large amount of glyoxal, Mn(lll) is rapidly converted into Mn(ll) and light.

The maximum intensity in the CL is believed to be the result of the predominant and faster
second stage of the reaction (autocatalytic stage), during which manganese(ll), the final
product rapidly reacts with permanganate to produce Mn(lll), which in the presence of a
large amount of glyoxal, is quickly reduced to Mn(ll) along with CL emission.

This is why the added Mn(ll) increases the rate of the oxidation reactions and hence changes
the chemiluminescence emission.

As can be seen from Figure 4.3 below, it is reasonable to believe that the CL emission ob-
served is as a result of chemical reaction between glyoxal and MnQO,. The CL intensity
reached a maximum between 10 and 20 seconds (at 15s) after the reaction was initiated and
returned to baseline within 20s. Steady decay rates were observed, but a reproducible
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shoulder was present on the rise portion of the intensity-time profile. This form of the CL
indicates the complex nature of the MnQy reaction.
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Figure 4.3 Example of stopped-flow CL intensity vs. time profiles for MnO, oxidation reac-
tion of glyoxal. Experimental conditions: [MnO,4] = 0.0025M; [OCHCHO] = 0.025M; [H,S04]
= 2M; Temperature = 25° C and HT (Fluorescence channel): 800V.

It is suggested that a net four-electron-transfer process occurs rapidly, followed by reactions
between manganese(lll) and glyoxal or its organic intermediates. Therefore, it is reasonable
to model that the oxidation of glyoxal by permanganate by two consecutive steps, the first
being a manganese(lll) generation of an intermediate and the second of the manganese(lll)
oxidation of glyoxal to produce the chemiluminescence emission.

A comparison of the kinetics curve of the chemiluminescence emission (Figure 4.3) and the
kinetic curve of the consumption of permanganate in Figure 4.2 shows a relationship be-
tween chemiluminescence and consumption of permanganate. As permanganate reagent is
consumed, the intensity of the chemiluminescence rises and reaches the maximum intensity
approximately at the same point that permanganate is used up from the reaction mixture.

In general, chemiluminescence intensities of organic substrates are known to greatly depend
on the concentrations of the analyte (e.g. glyoxal), oxidant (e.g. MnO4, Mn(lll) and Mn(IV),
catalyst (e.g. enhancer or sensitizer), pH, etc. To evaluate the characteristics of the chemi-
luminescence process associated with change in concentration of the organic substrates,
enhancers and oxidants concentrations, a series of unvaried experiments were carried out in
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which all parameters and reaction conditions were held constant while the parameter of in-
terest varies. The variables investigated included the concentrations of glyoxal, MnQO, en-
hancers such as formaldehyde and manganese(ll) as catalyst.

There are two characteristics of CL peaks, the intensity of CL which is the total area under
the peak and the maximum height of the peak. The former is important in some clinical as-
says which measure the total luminescence whereas the latter is important in many analyti-
cal determinations which use flow systems.

It is not expected that the total CL produced will change much with conditions unless the
amount of manganese oxidant changes. Increasing the rate of emission of luminescence will
increase the maximum height of the peak rather than area under the peak. It is to be ex-
pected that there will be some increase in total intensity with rate as the faster the lumines-
cence is produced the less time there is for quenching from competing reactions.

4.2.1.1 Effect of glyoxal concentration

A set of experiments, in which the initial MnO4 concentration was held constant at 0.0025M
and the initial glyoxal concentration was varied from 0.025 to 0.20M, was carried out.
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Figure 4.4 Plot comparing CL time course versus absorbance time course for MnO,4 oxida-
tion reaction of glyoxal. Experimental conditions: [MnO;] = 0.0025M, [OCHCHO] = 0.025,
0.05, 0.10 and 0.2M, Temperature = 25°C, [H,S04] = 2M; Wavelength = 525 nm and HT
(Fluorescence channel): 600V.
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As expected, the results from experiments demonstrate that the shape of each CL profile is
similar and as the glyoxal concentration increased, the maximum of CL signal intensity in-
creased, and the time to reach the maximum signal decreased with increasing [glyoxal], as
can be seen in Figure 4.4. A plot of the maximum intensity versus [glyoxal] (inset of Figure
4.4) produced a straight line having a correlation coefficient of R = 0.998.

In Figure 4.4 the peak areas and maximum peak heights are as follows:

Table 4.1 Variation of profile areas and peak heights with glyoxal concentration

Variable factor: Intensity (area) Approx. Peak height
[OCHCHO] (M)

0.025 3.60 0.50

0.05 4.65 0.90

0.10 5.46 1.70

0.20 7.04 3.40

As it can be seen from the Table 4.1, the obtained results match the prediction. Both peak
areas and peak heights increased with increase in the glyoxal concentration. However, there
is a small increase in areas whereas the height is directly proportional to the glyoxal concen-
tration. Over a 2-fold increase in glyoxal concentration, only the profile height increased lin-
early by approximately 2-fold, the profile area increased but gradually by 1.2-fold. This
would be the basis of an analytical method.

As the glyoxal is in excess, we predict that the rate of formation of the chemiluminescent
emitter increases so the chemiluminescence is observed earlier.

In theory the total chemiluminescence should be constant as, with the glyoxal in excess, it
depends on the amount of permanganate. The area does increase because if chemilumines-
cence is produced more rapidly, there is less loss of energy through competing processes.

As the rates of the reactions increase the peak becomes sharper and so the peak height in-
crease more rapidly than the area and is found to be in direct proportion to the glyoxal con-
centration.

The MnO,4 concentration for all four reactions, monitored at 525 nm, shows a similar shape
of absorbance profiles with different rate constants. All the CL signals follow a relatively fast
increase in the signal followed by a fast decrease. Qualitatively, the rate of CL signal decay is
in good correlation with the rate of MnO4 disappearance as measured by UV absorption.

This result indicates that the fast step of the CL reaction corresponds to the oxidation reac-
tion of glyoxal by Mn(lll) intermediate for conditions of [OCHCHO] >> [MnQ41].
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4.2.1.2 Effect of MnO, concentration

The effect of increasing permanganate concentration from 0.0025 to 0.020M on chemilumi-
nescence signal was evaluated, while the initial glyoxal concentration was held constant at
0.2M. The results from experiments demonstrate that, under the reaction conditions of
[OCHCHO] >> [MnO4], change in MnQ,4 concentration has little effect on the time of the
chemiluminescence, but does increase the CL intensity. As expected, as the permanganate
concentration increased, the maximum intensity of the CL response increased.

However, the time to reach the maximum CL proved to be independent on permanganate
within the experimental range of permanganate concentration, as it can be seen in Figure
4.5. It is difficult to explain this behaviour, but it might be attributed to autocatalysis reac-
tion between Mn(ll) product and permanganate.

A plot of the profile intensity versus permanganate concentration (inset of Figure 4.5) pro-
duced a straight line having a correlation coefficient of R = 0.998.
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Figure 4.5 Plot comparing CL time course versus absorbance time course for MnO, oxida-
tion reaction of glyoxal. Experimental conditions: [OCHCHO] = 0.2M, [MnO,] = 0.0025,
0.005, 0.010M, Temperature = 25°C, Wavelength = 525 nm; HT (Fluorescence channel):
800V.
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In Figure 4.5 the peak areas and maximum peak heights are as follows:

Table 4.2 Variation of profile areas and peak heights with MnO; concentration

Variable factor: Intensity (area) Approx. Peak height
[MnO,] (M)
0.0025 6.80 3.41
0.005 6.64 4.02
0.010 9.64 5.71
0.020 - -

As expected both chemiluminescence signal peak areas and peak heights increased with in-
crease in the glyoxal concentration. However, there is a small increase in areas whereas the
height is directly proportional to the permanganate concentration.

Again, this result confirms the conclusion that the observed CL emission is associated with
the glyoxal oxidation. The first-order dependence of the intensity of the CL on permanga-
nate concentration at low [MnO,;] and under the reaction conditions of [OCHCHO] >>
[MnOg4] is consistent with Mn(lll) oxidant role of intermediate in subsequent reactions.

4.2.1.3 Effect of manganese(ll)

It has been established that, under acidic conditions, Mn(ll) generated plays an autocatalytic
role in many of these reactions. It is suggested that Mn(ll) reacts with MnO4 to yield Mn(lll)
intermediate, which reacts with organic substrate and increases the rate of the reaction.

Manganese(ll), as well as other metal ions’’- %% 110 125, 126, 145-147, 464, 519 o heen used as an

enhancer in analytical applications. Agater et al.**® reported the successive determination of
carbohydrates (glucose, galactose, fructose, arabinose, xylose, lactose, sucrose, mannitol,
glycerol and ascorbic acid with a limit of detection of 1 x 10™* M), based on the CL reaction
with acidic permanganate enhanced by Mn(ll) ions, using a flow-injection analysis system.

It was also shown that the addition of Mn(ll) salts increased the rate of the chemilumines-
cent oxidation of butane-2,3-dione (diacetyl) with acidic potassium permanganate and man-

ganese ions have been determined in alloys with a limit of detection of 6 x 108 Mm™>.

Therefore, it is essential to clarify the role of manganese(ll) catalysis in permanganate
chemiluminescence. The effect of added manganese(ll) was studied in presence of 0.02M
KMnO,, 0.1M glyoxal, and 2M H,S0,4 at 25°C. The results are shown in the Figure 4.6.

This shows that the oxidation of glyoxal by permanganate in the presence of added Mn(ll)
produced a significant CL emission, and the resultant intensity versus time profiles (Figure
4.6) showed significant differences in the kinetics of emission with and without Mn(ll).
As it can be seen, under the reaction conditions, both the intensity of the chemilumines-
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cence emission and the rate of permanganate disappearance increased as manganese(ll)
concentration increased, tending to some limiting value.

Manganese(ll) provided a 2-10 fold increase compared to maximum chemiluminescence re-
sponse from the reaction without Mn(ll). The relevance of manganese(ll) is clearly support-
ed by the current findings. The added Mn (I1) leads to the prediction that Mn®" plays an im-
portant role in the kinetics.

A plot of the profile intensity versus glyoxal concentration (inset of Figure 4.6) produced a
straight line having a correlation coefficient of R = 0.997.
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Figure 4.6 Effect of Mn(ll) concentration on the kinetic of the reaction and CL. Experi-
mental conditions: [OCHCHO] = 0.2M, [MnO,4] =0.01M, [Mn(ll)] =0.0005 — 0.2M, Tempera-
ture = 25°C, [H,S04] =2M, Wavelength = 525 nm; HT (Fluorescence channel): 600V.

In Figure 4.6 the peak areas and maximum peak heights are as follows:

Table 4.3 Variation of profile areas and peak heights with Mn** concentration

Variable factor: Intensity (area) Approx. Peak height
[Mn*] (M)
0.00 0.91 0.88
0.0005 0.95 0.93
0.005 1.20 1.34
0.010 3.90 5.90
0.020 5.86 7.85

The results in Table 4.3 illustrate some of the established main characteristics of the per-
manganate CL reaction such as the linear enhancement effect of the added manganese(ll)
on the CL signal intensity.
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Accordingly to expectations, the results in Table 4.3 illustrate some of the established main
characteristics of the permanganate chemiluminescence reaction such as the linear en-
hancement effect of the added manganese(ll) on the chemiluminescence signal intensity.
Accordingly to expectations, the profiles area and height increased significantly 6.5-fold and
10.6-fold, respectively in the manganese(ll) concentration range of 0.0 - 0.2M.

A plot (Figure not shown) of both peak area and peak height confirmed linear dependence of
manganese(ll) concentrations with positive intercepts and slopes.

The reaction of manganese(ll) with permanganate is often written as the Guyard reaction;
2MnO4 +3Mn** +2H,0 > 5MnO,+ 4H* (Equation 4.1)

However, in acid solution, the main product may be Mn*" (aq);
MnO4 + 4Mn*" + 8H* > 5Mn*' + 4H,0 (Equation 4.2)

The reaction between MnO4 and excess of Mn(ll) was followed by using the stopped-flow
technique over five minutes. Figure 4.7 depicts the reaction of 0.002M permanganate with
0.2 Mn(Il) in 2M sulphuric acid medium.
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Figure 4.7 Plot comparing CL time course versus absorbance time course for MnO, oxida-
tion reaction of Mn(ll). Experimental conditions: [Mn(ll)] = 0.2M, [MnO,4] =0.002M, Tem-
perature = 25°C, [H,S04] =2M, Wavelength = 500 nm; HT (Fluorescence channel): 800V.

Whilst this reaction is demonstrated, it is significantly slower than in the presence of an or-
ganic reductant and as expected no CL emission is observed. The greater the chance of the
reaction to occur quickly, the faster the emitting species is produced, the larger the chemi-
luminescence emission, as CL emission competes with other form of energy loss.
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4.2.1.4 Effect of formaldehyde (HCHO)

As mentioned previously, it is well known that the addition of formaldehyde in the reaction

mixture increases the CL response from oxidation reaction of many analytes with acidic po-

: 38,77, 96, 110, 125, 126, 145-147, 464, 519
tassium permanganate™ "7 T T T T

In order to visualize how formaldehyde participate in the permanganate oxidation of glyoxal
to enhance CL, a series of kinetics runs were carried out by increasing the formaldehyde
concentration from 0.0 — 1.6 moldm™ at constant concentrations of other reactants and pa-
rameters.
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Figure 4.8 Effect of [HCHO] on the kinetic of the reaction and CL signal. Experimental con-
ditions: [OCHCHO] = 0.1M, [MnO,] = 0.005M, [HCHO] = 0.0 — 1.6 M, Temperature = 25°C,
[H2S0,4] = 2M, Wavelength = 525 nm; HT: 500V.

To understand the involvement of formaldehyde, the reaction kinetic of formaldehyde and
acidic potassium permanganate was separately investigated. The experiment was conducted
under same experimental conditions.

Figure 4.9 below demonstrates that formaldehyde can also reduce permanganate to Mn(lll)
intermediate. It depicts the kinetics of the chemiluminescence emission and of the reaction
between 0.75M formaldehyde in sulphuric acid medium and 0.01 permanganate.
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Figure 4.9 Plot comparing CL time course versus absorbance time course for KMnO, oxida-
tion reaction of formaldehyde. Experimental conditions: [HCHO] = 0.75M, [MnO,] =
0.02M, Temperature = 25°C, [H,5S0,4] =2M, Wavelength = 500 nm; HT: 800V.

The kinetic measurements were carried out under pseudo-first-order conditions where the
formaldehyde was present in a large excess over that of oxidizing agent.

From the results in Figure 4.9, there is clear evidence of reaction between formaldehyde and
MnOg4; however, the experiment did not detect any evidence for measurable CL response
from the reaction.

These findings of the current study confirm the conclusion that the augmented CL observed
when formaldehyde is added in the mixture reaction is associated with the co-oxidation of
formaldehyde and glyoxal to generate more Mn(lll) intermediate, which then immediately
reacts with glyoxal to produce more light.

The oxidation reaction was found first order with respect to MnO4 concentration, indicated
by the linearity of log (absorbance) - time plots (inset of Figure 4.9) for more than three half-
lives of reaction completion.

4.2.2 Manganese(lll) oxidation of glyoxal

As mentioned in the second chapter, Mn(lll) is believed to be the active oxidizing intermedi-
ate species that reacts with glyoxal or organic intermediates in a final reaction to form excit-
ed manganese(ll) species (Mn(ll)*) that emits light. It is therefore essential to investigate
separately, but under the same conditions, the oxidation reaction between Mn(lll) and gly-
oxal in order to evaluate its CL potential.

In addition to permanganate, chemiluminescence has also been detected during reactions
with other manganese species, including manganese(lll) and ‘soluble’ manganese(lV) oxi-
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dants. Several research groups have detected CL from reactions with Mn(lll) species®*® 2%

393

Junghdhnel and co-workers reported that the oscillating manganese(ll)-catalysed Belousov—
Zhabotinskii system (i.e. the oxidation of malonic acid with bromate catalysed by the re-
peated interchange between manganese(ll) and manganese(lll) evoked a periodic emission
of light with a maximum intensity at 630 nm>”’, which they attributed to excited molecular
oxygen formed by the recombination of HO, radicals.

However, Karavaev et al. subsequently showed that this emission (which they found to be
most intense at 680 — 720 nm) was a result of the reduction of manganese(lll), and postulat-

393

ed that the emitter was electronically excited Mn(I1)*>, noting the similarity of the emission

with the corresponding photoluminescence reported by Sveshnikova and Stroganov394.

Lilley et al. detected CL from the oxygenase activity of manganese(ll)-activated d-ribulose-
1,5-bisphosphate carboxylase/oxidase (Rubisco) and presented evidence that this lumines-

cence emanated from the manganese(ll) ion at the active site, due to an electron exchange

process involving a transient manganese(lll) intermediate®’®,

Similarly, Watanabe et al. found that the oxidation of glyoxal in a tartrate buffer using either
a manganese(lll)-lactate complex or a combination of hydrogen peroxide and manganese
peroxidase, produced an emission of light with maximum intensity at 700-710 nm>®°.

Using FIA methodology, Zhang and co-workers developed a method for the determination of
isoniazid, based on the chemiluminescence reaction with a manganese(lll) reagent that was
generated on-line by constant-current electrolysis of Mn(ll) sulphate in acidic solution®*.

The on-line electrogeneration of manganese(lll) from manganese(ll) has been applied to the
chemiluminescence determination of a wide range of analytesm. This approach is not lim-
ited to manganese(lll); other oxidants such as hypochlorite, hypobromite, silver(ll) and co-
balt(ll), which are either unstable in aqueous solution or undesirable to prepare off-line,

have been generated for chemiluminescence reactions in a similar manner?*® 3%,

As said earlier, in these experiments, the oxidation of glyoxal with and without the addition
of enhancers was extended to manganese(lll) as CL reagents. The characteristics of the ki-
netics and the intensity of the CL emission and the kinetics of the reaction were investigated.
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Figure 4.10 Plot of absorbance time course for Mn(lll) oxidation reaction of glyoxal. Exper-
imental conditions: [Mn(lll)] = 0.0025M; [OCHCHO] = 0.025M; [H,S04] = 2M; Wavelength =
500 nm; Temperature = 25°C.
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Figure 4.11 Plot of chemiluminescence time course for Mn(lll) oxidation reaction of glyox-
al. Experimental conditions: [Mn(lll)] = 0.0025M; [OCHCHO] = 0.025M; [H,S04] = 2M; Tem-
perature = 25° C and HT (Fluorescence channel):800V.
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The results of the investigation of the kinetics of the manganese(lll) oxidation of glyoxal and
the kinetics of the chemiluminescence response are given in Figures 4.10 and 4.11, which
show typical examples of stopped-flow chemiluminescence and absorbance time courses for
the oxidation reactions of glyoxal using Mn(lll), respectively.

As expected, stopped-flow experiments demonstrated that glyoxal (dissolved in 2 mol L™
sulphuric acid) is rapidly and effectively oxidized by Mn(lll) under the reaction conditions.

The absorbance time courses (Figures 4.10) indicates half-life (ty,) for the reaction of about
0.1 second. These results confirm the hypothesis suggested earlier about the light-producing
pathway that, it is Mn(lll) intermediate generated in the course of the reaction that quickly
reacts with glyoxal and/or daughter products to yield the CL emission. It has been assumed
above that, in the co-oxidation of glyoxal and formaldehyde, under the reaction conditions,
formaldehyde does not react with Mn(lll) intermediate during the reaction and react only
with MnQO4 to accumulate up Mn(lll) used in the second step of the reaction.

In order to verify this hypothesis and to evaluate the potential CL enhancement of formal-
dehyde upon Mn(lll) oxidation of glyoxal, the oxidation reaction of Mn(lll) of glyoxal with
and without formaldehyde was monitored at maximum absorbance of Mn(lll) at 500 nm and
the CL signals were recorded at its maximum emission.
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Figure 4.12 Plot comparing chemiluminescence time course versus absorbance time course
for Mn(lll) oxidation reaction of glyoxal with and without HCHO. Experimental conditions:
[HCHO] = 0.75M, [OCHCHO] = 0.2M, [Mn(ll1)] = 0.02M, Temperature = 25°C, [H,S0,4] = 2M,
Wavelength = 500 nm; HT (Fluorescence channel): 500V.
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In Figure 4.12, the absorbance profiles of Mn(lll) versus time in the reaction of 0.2M glyoxal
with 0.02M Mn** with and without 0.75M formaldehyde are compared to its corresponding
chemiluminescence signal profiles.

The experimental results indicated that the kinetics and the intensity of the chemilumines-
cence response and the kinetics of reaction were unchanged on addition of formaldehyde to

the reaction mixture.

These results confirm the conclusion that formaldehyde does not undergo significant oxida-
tion in the presence on Mn(lll) and consequently, formaldehyde is not an enhancer for
Mn(Ill) chemiluminescence oxidation of glyoxal.

To confirm these results, Mn(lll) was mixed with formaldehyde to initiate oxidation reaction
in the absence of glyoxal. Figure 4.13 shows the stopped-flow results of the oxidation reac-
tion between Mn(lll) and formaldehyde and confirm the previous results that formaldehyde
remains unreacted in the presence of oxidant Mn(lll) under the reaction conditions.

These results clearly demonstrated that there was no or very slow chemical reaction be-
tween Mn(lll) and formaldehyde.
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Figure 4.13 Plot comparing CL time course versus absorbance time course for Mn(lll) oxi-
dation reaction of formaldehyde. Experimental conditions: [HCHO] = 0.75M, [Mn(lll)] =
0.02M, T°=25°C, [H,S04] = 2M, Wavelength = 500 nm; HT (Fluorescence channel): 800V.

Since it has been shown that formaldehyde does not produce any measurable chemilumi-
nescence either with permanganate or Mn(lll), it is reasonable to believe that the reaction
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between glyoxal and permanganate in sulphuric medium follows one defined light-
producing pathway and the observed chemiluminescence enhancement from formaldehyde
in permanganate oxidation of glyoxal is associated with the reaction of formaldehyde with
permanganate to generate additional Mn(lll) intermediate and more CL emission.

4.2.3 Manganese(lV) oxidation of glyoxal

With Mn(V) and Mn(VI) being highly unstable in acid medium and thus very difficult to moni-
tor, Mn(IV) is the only other possible stable oxidizing intermediate species during acidic
MnO, oxidation of glyoxal. Glyoxal can be oxidized by Mn(1V) in an acidic medium, produc-
ing a CL signal. As such, under the reaction conditions, Mn(lV) is expected to play an im-
portant role into the light-producing pathways of this reaction. In order to elucidate whether
or not Mn(1V) plays an essential role into CL reaction of MnO,4 oxidation of glyoxal, the kinet-
ics of reaction and the kinetics and the intensity of the CL emission were examined.

It has been claimed that manganese(lV) oxidant reacts with many organic compounds to

218 |t has been suggested that the

produce an excited manganese(ll) species that emits light
chemiluminescence that accompanies the reaction of the manganese(IV) reagent with a
range of analytes results from a manganese(ll) species218 and is enhanced by the presence of

formaldehyde.

As with many CL reactions with MnQ,, the addition of formaldehyde was found to signifi-

218, 351

cantly enhance the emission of light . Soluble manganese(IV) has been used as a CL re-

agent and this chemistry has been applied to the determination of various inorganic and or-

ganic analytes®®. Brown and co-workers?*® *! carried out investigation of CL reactions with
soluble manganese(IV). Using flow injection analysis methodology, analytically useful CL re-

sponses were obtained from the oxidation of several organic and inorganic compounds.

According to Brown and co-workers®®® a further fourteen publications have emerged on the
use of soluble manganese(lV) as a CL reagent for the determination of various organic com-
pounds, since their initial evaluation. Manganese(IV) concentrations of between 8 x 10° M
and 1x10°M have been reported as optimal for detection (4 x 10 M most commonly
employed). Contrary to the claim of the Australian’s, the first published report on Mn(IV)
was by Agater in her thesis of 1999. This thesis is available in the University repository. The
rate of the light-producing reactions between the soluble Mn(IV) reagent, various analytes

and formaldehyde have been examined with stopped-flow experiments?*® 212351,

In most cases, the chemiluminescence intensity versus time profiles reached a maximum be-
tween 0.5 s and 6.0 s after the reaction was initiated, and returned to baseline within 15—
70 second®® %% 35! However, the light-producing reaction between the manganese(l1V) rea-
gent and potassium oxalate was found to persist for several minutes>".
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Figure 4.14 Plot of absorbance time course for Mn(IV) oxidation reaction of glyoxal. Exper-

imental conditions: [Mn(IV)] = 0.0025M; [OCHCHO] = 0.025M; [H,S0,4] = 2M; Wavelength =

400 nm; Temperature = 25°C.

In these experiments, the kinetics and intensity of the CL emission and the kinetics of reac-
tion between glyoxal and Mn(IV) were examined under the reaction conditions relevant to
CL emission.

The kinetic measurements were conducted under pseudo- first-order conditions, where gly-
oxal was present in a large excess (0.025 moldm™) over that of MnO,4 concentration (0.0025
moldm™) and at a constant acidic solution of 2.0 moldm™ (maintained with sulphuric acid).

The results of the investigation of the kinetics of the Mn(IV) oxidation of glyoxal and the ki-
netics of the CL response are given in Figures 4.14 and 4.15, which show typical examples of
stopped-flow CL and absorbance time courses for the oxidation reactions of glyoxal using
Mn(Ill), respectively.
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Figure 4.15 Plot of CL time course for Mn(IV) oxidation reaction of glyoxal. Experimental

conditions: [Mn(IV)] = 0.0025M; [OCHCHO] = 0.025M; [H,S0,4] = 2M; Temperature = 25°C

and HT (Fluorescence channel): 800V.

As expected, it has been observed from Figure 4.15 that Manganese(lV) reacts quickly with
glyoxal to produce light emission in sulphuric acid medium. The absorbance time course
(Figure 4.15) indicates half-time (ty») reaction of about 0.15 second.

It has been demonstrated that all manganese-based oxidants i.e. MnO4, Mn(IV) and Mn(lll)
yield CL emission in reaction with glyoxal. However, the resultant chemiluminescence inten-
sity versus time profiles (Figures 4.3, 4.11 and 4.15) showed significant differences in the ki-
netics of CL emission with permanganate, manganese(lV) and manganese(lll).

It is interesting to note that both Mn(IV) UV absorbance and CL emission spectra exhibit sim-
ilar time dependence, as can be seen in the figures 4.14 and 4.15. A comparison of the kinet-
ics of the CL emission and the rate of manganese(lV) disappearance as measured by UV ab-
sorption at 400 nm displays a good agreement. These results indicate that the observed CL
emission is associated with the oxidation reactions of glyoxal by Mn(IV) oxidant.

Although it is difficult to compare the CL intensities of different oxidants due to the wide
range of experimental conditions particularly related to the differences in theirs stabilities, in
these experiments, efforts were made to maintain the same reaction conditions in order to
compare theirs chemiluminescence potentials with glyoxal.
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Manganese(lV) and manganese(lll) oxidations of glyoxal were found to elicit relatively in-
tense CL over a period of one minute, whereas CL response derived from permanganate oxi-

dation was relatively weak.

10

CL Intensity (V)

0 /] ‘
Mn(VIl) Mn(IV) Mn(Ill

Figure 4.16 Plot comparing CL intensity (peak height) generated by MnO,;, Mn(IV) and
Mn(lll) oxidation reaction of glyoxal. Experimental conditions are the same as above.

Figure 4.16, which compares the CL responses, shows significant differences in the CL inten-
sity (or peak height), which is increased 15-fold for manganese(lV) and more than 20-fold for
Mn(Ill) when compared with that produced by permanganate oxidation.

Comparable responses from glyoxal oxidation by Mn(lll) offers a distinct advantage over
other chemiluminescence reagents i.e. Mn(lV) and permanganate. From an analytical point
of view, although permanganate is presented as the most efficient oxidant for direct liquid
phase chemiluminescent processes, Mn(lV) and Mn(lll) offer here the advantage of highly

sensitive chemiluminescence detection.

It was stated above that Mn(1V) and Mn(lll) are the common and relevant redox intermedi-
ate species during acidic permanganate oxidation of glyoxal. They both have proved to react
with glyoxal in acid medium and produce a significant amount of CL emission.

In order to show their existence and to identify these intermediate species, a detailed inves-
tigation of spectral changes occurring during the oxidation of glyoxal by permanganate using
the stopped-flow technique including a diode-array detector is essential.
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Figure 4.17 (2D) and (3D)-Spectral changes observed upon the reaction of 0.02M MnO4
with 0.2M glyoxal acquired over a broad wavelength range (200-800 nm).Reaction condi-
tions: Temperature 25 °C, 2M H,S0,.

Figure 4.17 shows the the time-resolved spectrum acquired over a broad wavelength range
(200 nm — 800 nm) for the oxidation of 0.2M glyoxal in 2M sulphuric acid medium with
0.02M permanganate at room temperature.

As expected, the absorption intensity in the broad wavelength region 480 to 600 nm (char-
acteristic peak complex for permanganate) decreased gradually as the reaction proceeded,
and MnO4 concentration decreased.

As mentioned before, it is believed that the overall reaction has more than one step, which
are characterized by the generation of Mn(IV) and Mn(lll) redox intermediates. As the MnO4
peak at ~ 320 nm increases, the spectral changes exhibits a superimposed absorption band
on MnQy, for Mn(IV) between 300 and 400 nm, which increased a second after the reaction
is initiated and then gradually decreased with time as see in Figure 4.17(3D).
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It is difficult to explain this result, as permanganate also has a significant absorbance in this
region, but this behaviour might be related to the formation and disappearance of the
Mn(1V) intermediate. The observed decrease in Mn(IV) in the course of the reaction could be
attributed to the rapid reaction of Mn(IV) with glyoxal and Mn(ll) to generateMn (lll).

Between 200 and 300 nm, the absorbance initially increased as the reaction proceeded with
a band maximum at 250 nm. This is most likely due to the intermediate organic products
produced during glyoxal oxidation.

Again permanganate spectrum also shows some absorbance similarity in this region. Further
research needs to be conducted to identify these intermediates produced from the oxida-
tion of glyoxal by permanganate.

Another problem with this permanganate spectral change is that no evidence for increase of
absorbance indicating the presence Mn(lll) intermediate with its maximum located at 500
nm was seen in these experiments.

This was due to the fact that Mn(lll) reacts rapidly with organic substrate and that MnQO,4 ab-
sorbance contributes to the Mn(lll) absorbance measured at 500 nm (an absorbance maxi-
mum for Mn(lll)).

Although MnO, spectral change failed to identify the existence of Mn(lll) intermediate and
since Mn(1V) could be more or less identified on this spectral change, it was essential to look
in the spectral change in the course of the reaction between Mn(IV) and glyoxal.

Thus, the changes of spectrum during the oxidation of glyoxal with permanganate were con-
sidered to determine whether Mn(lll) intermediate is generated during the reaction be-
tween Mn(IV) and excess of glyoxal by using the stopped-flow technique. Figure 4.18 depicts
the reaction of 0.05M Mn(IV) with 0.5M glyoxal in sulphuric acid medium.

As expected, the absorption intensity in the region 300 and 400 nm (characteristic spectra
for Mn(IV)) decreased gradually as the reaction proceeded, and the concentrations de-
creased.

Here, it is demonstrated by using the stopped-flow technique including a PTM detector that
no direct transition from the Mn(IV) to a Mn(ll)-like species occurs upon mixing glyoxal with
permanganate.
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Figure 4.18 (2D)-Spectral changes observed upon the reaction of 0.02M Mn(IV) with 0.2M
glyoxal acquired over a broad wavelength range (300-700 nm).Reaction conditions: Tem-
perature 25 °C, 2M H,SO,

Figure 4.18 shows two clearly distinct phases in the reaction between 0.02M permanganate
with 0.2M glyoxal in sulphuric acid medium. Within the first phase, the absorption intensity
in the region 300 and 400 nm, characteristic spectra for Mn(IV)( Figure 3.3), decreased grad-
ually as the reaction proceeded, at the same time the absorbance at the characteristic peak
of Mn(lll) (500 nm) also increased with time, which closely resembles the Mn(lll) spectrum
obtained above (Figure 3.2).

This is indicating that Mn(IV) and glyoxal attended the reaction that lead to the generation
of Mn(lll) intermediate. The first and slower phase of Mn(lll) formation was followed by the
disappearance of the Mn(lll)-typical peak at 500 nm. Mn(lll) was formed as long as the spec-
tral features of Mn(lll) persisted (see black spectrum).

The fact that manganese(lll) did not accumulate and was readily transformed to manganese
(I1) suggested that it was rapidly reduced either by glyoxal or a reaction product of the sys-
tem manganese(IV)/glyoxal.

It is generally believed that Mn(lll), as the common intermediate species, reacts with the or-
ganic substrate in a final elementary reaction to form excited manganese(ll) species (Mn
(IN*) that emits light.

In order to convince ourselves that the reaction between Mn(lll) and glyoxal does not in-
volve any observable intermediate species, the Mn(lll) spectral changes for the reaction be-
tween excess of glyoxal and Mn(lll) were recorded.
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Figure 4.19 (2D)-Spectral changes observed upon the reaction of 0.02M Mn(lll) with 0.2M
glyoxal acquired over a broad wavelength range (300-700 nm).Reaction conditions: Tem-
perature 25 °C, 2M H,SO,

Figure 4.19 demonstrates, as expected, that Mn(lll) effectly oxidizes glyoxal and depicts the
spectral changes of the reaction of 0.02M Mn(lll) with 0.2M glyoxal in sulphuric acid.

Spectroscopically Mn(lll) is recognized by a characteristic peaks at 500 nm. The absorption
intensity in the wavelength region 480 to 600 nm (characteristic peaks for permanganate)
decreased gradually as the reaction proceeded, indicating that permanganate and glyoxal
attended the reaction and no evidence of intermediate species was detected.

Returning to the hypothesis at the beginning of this study and taken together, these results
confirm our working hypothesis suggested earlier in this section about the light-producing
pathway that, it is a Mn(lll) intermediate generated during the permanganate and manga-
nese(IV) reactions that react with glyoxal to produce the CL emission.

4.2.4 Dichromate (Cr,0,%") oxidation of glyoxal

It is beyond the scope of this study to examine the effect of replacing permanganate with
dichromate. However, the acidic dichromate oxidation of glyoxal was considered to look at
what might happen to glyoxal CL emission when MnQ, is replaced with Cr,0,°.

The kinetics of oxidation of glyoxal with and without Mn(ll) by dichromate was monitored at
the dichromate maximum wavelength of 320 nm. The results are summarized in Figure 4.20.
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Figure 4.20 Plot comparing CL time course versus absorbance time course for Cr,0;>
oxidation reaction of glyoxal. Experimental conditions: [OCHCHO] = 0.4M, [Cr,0,%] =
0.025M, [Mn(Il)] = 0.2M, Temperature = 25°C, [H,SO4] = 2M, Wavelength = 320 nm; HT
(Fluorescence channel): 800V.

The absorbance spectra of the glyoxal/Cr,0,%system showed a rapid consumption of di-
chromate within 20 first seconds of the reaction, however, no evidence of a measurable CL
emission was detected.

Interestingly, the addition of 0.1M Mn(ll) into the reaction mixture produced significant
chemiluminescence emission intensity. A likely explanation for this is that dichromate reacts
with Mn(ll) ions to generate Mn(lll) which immediately oxidizes glyoxal to produce chemilu-
minescence emission. The CL emission that has been detected therefore assists in our un-
derstanding of the role played by Mn(ll) in CL reaction between MnQ,4 and glyoxal.

4.3 Glyoxylic acid (HCOCO,H) chemiluminescence oxidation reactions

4.3.1 Permanganate oxidation of glyoxylic acid

It was suggested that acidic permanganate oxidation of glyoxal can presumably lead to un-
stable cyclic ester from which several transient intermediates can be formed (including for-
mic, glyoxylic and oxalic acids) through several oxidative or hydrolysis pathways until carbon
dioxide are formed as the final product.

Thus, it was assumed that these organic intermediates are capable of reacting with Mn-
based oxidants as well and generating the observed light during the glyoxal CL oxidation.
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So far, however, no research has been found that surveyed the chemiluminescence reaction
of glyoxylic acid in the presence manganese-based oxidants. Therefore, it was decided to
look at and to evaluate the characteristics of the CL process associated with glyoxylic acid
oxidation by permanganate, Mn(lll) and Mn(IV).

Preliminarily experiments indicated that the oxidation reaction and chemiluminescence re-
sponse are of such rates that it can conveniently be measured using an SX.20 stopped-flow
reaction analyzer instrument with both absorbance and fluorescence detection.

4.3.1.1 Effect of glyoxylic acid concentration

Kinetic experiments of oxidation of glyoxylic acid with permanganate were conducted at a
constant temperature of 25 °C under dark conditions and in 2.0 moldm™ sulphuric acid me-
dium. The kinetic measurements were conducted under pseudo- first-order conditions,
where glyoxylic acid was present in a large excess over that of oxidant concentration.
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Figure 4.21 Chemiluminescence time course versus absorbance time course for KMnO4 ox-
idation of four initial [HCOCO,H]. Experimental conditions: [MnO,] = 0.0025M, [HCOCO,H]

= 0.025, 0.05, 0.10, 0.20 and 0.40M, Temperature = 25°C, [H,S0,]=2M; Wavelength = 525
nm and HT (Fluorescence channel): 600V.

Results from experiments designed to assess the rate of reaction and chemiluminescence
intensity of glyoxylic acid-permanganate system are summarized in Figure 4.21.
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It shows the glyoxylic acid oxidation curves and CL responses, when the initial permanganate
concentration was held constant at 0.0025M and the initial glyoxylic acid concentrations
were varied between 0.025 and 0.40M.

As expected, stopped-flow experimental results show that glyoxylic acid is rapidly oxidized
by MnQ, . For example, ~90% of glyoxylic acid is oxidized by 0.0025M Mn(VIl) in < 20 se-
conds. A comparison of the kinetic curves of the CL and the rate of disappearance of MnO4
shows that in these curves there is a match in time profile and there is a direct relationship
between the maximum intensity of the CL and the rate of oxidation.

It is evident from Figure 4.21 that the effect of varying the glyoxylic acid concentration in-
creased both the reaction rate and CL signal with the increase of [glyoxylic acid].

A plot of the CL intensity versus glyoxylic acid concentration produced a straight line having
a correlation coefficient of R = 0.994 (inset of Figure 4.21).

The results of this research support the idea that the intensity of the CL emission from or-
ganic substrates such as glyoxalyc acid depends on the concentration of the analyte. An im-
plication of this is the possibility that a relationship between chemiluminescence response
and analyte concentration can be exploited to develop a CL analytical technique for the de-
termination of glyoxylic acid in different matrices.

4.3.1.2 Effect of permanganate concentration

As with glyoxylic acid, it was hypothesized that as the concentration of MnO, increases, the
rate of the reaction and the intensity of the CL emission from that reaction increases.

To test the hypothesis, the MnO, oxidation of glyoxylic acid was carried out in 2.0 moldm™
sulphuric acid medium and at a constant temperature of 25 °C under dark conditions.

Figure 4.22 shows the kinetics of permanganate decay and of the intensity of the CL emis-
sion at five different initial MnO4 concentrations (0.000625, 0.00125; 0.0025; 0.005 and
0.01M) with a constant initial glyoxylic acid concentration of 0.02M.

Again the results clearly indicated that change in permanganate concentration has little ef-
fect on the time of the CL emission but does increase the chemiluminescence intensity.

Thus, the CL response increased as permanganate concentration increased and the maxi-
mum intensity of the CL is proportional to the concentration of permanganate.
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Figure 4.22 Effect of MnO,4 concentrations on the CL signal vs. time profile. Experimental
conditions: [MnO,4] =0.00125; 0.0025; 0.005 and 0.01M, [HCOCO,H] = 0.02M, Temperature
= 25°C, [H,S04] =2M; Wavelength = 525 nm and HT (Fluorescence channel): 800V.

Nevertheless, it has conclusively been shown that the permanganate concentration increase
the maximum intensity of the chemiluminescence. An implication of these findings for fu-
ture practice is that both substrate concentration and manganese-based oxidant concentra-
tion should be taken into account when assessing the CL response from a chemical reaction.

4.3.2 Manganese(lll) oxidation of glyoxylic acid

It has been demonstrated above that manganese(lll) is definitely a redox intermediate and
glyoxylic acid is a presumed intermediate in the course of the reaction between glyoxal and
permanganate. And they have been identified as major contributing factors for the chemi-
luminescence reaction between permanganate and glyoxal.

To establish whether manganese(lll) and glyoxylic acid interact during the reaction to pro-
duce light emission, the kinetics of chemiluminescence reaction between manganese(lll) and
glyoxylic acid was examined.

4.3.2.1 Effect of Mn(lll) concentration

In Figure 4.23 the initial glyoxylic acid concentration was held constant at 0.2M and the ini-
tial manganese(lll) concentrations were varied between 0.00625 and 0.05M.
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Figure 4.23 Effect of Mn(lll) concentrations on the CL response versus time profile. Exper-
imental conditions: [Mn(lll)] = 0.00625; 0.0125; 0.025 and 0.05M, [HCOCO,H] = 0.2M,
Temperature = 25°C, [H,S04] =2M and HT (Fluorescence channel): 400V.

As it can be seen from Figure 4.23, the oxidation of glyoxylic acid by manganese(lll) was very
fast that the maximum of chemiluminescence spectra is within deadtime.

The fact that manganese(lll) reacted with glyoxylic acid and elicited intense chemilumines-
cence emission suggested that manganese(lll) and glyoxylic acid are major contributing fac-
tors for the chemiluminescence reaction between permanganate and glyoxal.

It was not possible to investigate the dependence of the rate of reaction further because the
absorbance of manganese(lll) at such low concentrations was too small to be measured ac-
curately. Nevertheless, based on the existing relationship between the kinetics of the chemi-
luminescence emission and the rate of the reaction, it has been assumed that kinetics of the
reaction increased with the increase in manganese(lll) concentration.

This study confirms that the intensity of the chemiluminescence response is associated with
the manganese(lll) concentration, as it can be seen from the figure 4.23 that the chemilumi-
nescence intensity increased with increasing manganese(lll) concentration and the plot of
chemiluminescence intensity as a function of the initial manganese(lll) concentration (inset
of Figure 4.23) was linear with a correlation coefficient R=0.995.
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4.3.2.2 Effect of glyoxylic acid concentration

After oxidant concentration, it was necessary to examine the impact of glyoxylic acid con-
centration on the kinetics and the intensity of the chemiluminescence emission in the reac-
tion between glyoxylic acid and manganese(lll). Thus, the effect of increasing the glyoxylic
acid concentration from 0.025 to 0.4M on the chemiluminescence intensity was assessed.
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Figure 4.24 Effect of glyoxylic acid concentration on the CL response versus time profile.
Experimental conditions: [HCOCO,H] = 0.025; 0.05; 0.1; 0.2 and 0.4M, [Mn(lll)] = 0.05M,
Temperature = 25°C, [H,S04] = 2M and HT (Fluorescence channel): 400V.

As it can be seen in Figure 4.24, as the glyoxylic acid concentration increased, the CL signal
intensity increased. The plot of CL intensity as a function of the initial glyoxylic acid concen-
tration (inset of Figure 4.24) was linear with a correlation coefficient R=0.998.

These findings support ours earlier observations, which links the intensity of the CL response
and the concentration of the substances participating in the reaction.

4.3.3 Manganese(IV) oxidation of glyoxylic acid

Manganese(IV) has been identified as an intermediate in the experiments above and glyox-
ylic acid is presumably likely to be formed, as an intermediate in the course of the reaction
between glyoxal and permanganate. Manganese(lV) has been suggested as additional major
contributing factors for the CL reaction between permanganate and glyoxal.
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4.3.3.1 Effect of Mn(IV) concentration

To evaluate the dependence of the intensity of the CL emission on the concentration of
Mn(1V), as oxidizing agent, the CL reaction between Mn(IV) and glyoxylic acid was investigat-
ed at room temperature and in 2.0 mol L™ sulphuric acid medium.

Thus, the effect of Mn(IV) concentration upon the CL behaviour of glyoxylic acid was exam-
ined over the range 0.00125 — 0.02M in acidic solution. The results are shown in Figure 4.25.

The results of this investigation showed that Mn(IV) reacted with glyoxylic acid and pro-
duced intense CL emission. The fact that Mn(IV) reacted with glyoxylic acid and elicited in-
tense chemiluminescence emission suggested that Mn(IV) and glyoxylic acid may also be
contributing factors for the CL reaction between permanganate and glyoxylic acid.
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Figure 4.25 Effect of Mn(IV) concentration on the CL response versus time profile. Experi-
mental conditions: [Mn(IV)] =0.00125; 0.0025; 0.005; 0.01 and 0.02M, [HCOCO,H] = 0.2M,
Temperature = 25°C, [H,S04] = 2M and HT (Fluorescence channel): 600V.

It can be seen from Figure 4.25 that as the Mn(IV) concentration increased, the maximum
signal intensity increased, and the time to reach the maximum signal decreased. The plot of
chemiluminescence intensity as a function of the initial Mn(IV) concentration (inset of Figure
4.25) was linear with a correlation coefficient R=0.998.
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Once again, the results of this investigation show that the intensity of the chemilumines-
cence response is directly proportional to the manganese(lV) concentration for conditions of
[HCOCOzH] >> [MnQO,].

Most importantly is that the relationship between the maximum intensity of the chemilumi-
nescence response and the concentration of Mn(IV) has been established.

4.3.3.2 Effect of glyoxylic acid concentration

The effect of increasing the glyoxylic acid concentration from 0.025 to 0.4M on the CL inten-
sity was investigated.

As it can be seen in Figure 4.26, under reaction conditions of [glyoxylic acid] >> [MnOy], as
the glyoxylic acid concentration increased, the maximum signal intensity increased, and the
time to reach the maximum signal decreased as well as the rate of reaction. The plot of CL
intensity as a function of the initial glyoxylic acid concentration (inset of Figure 4.26) was lin-
ear with a correlation coefficient R=0.995.
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Figure 4.26 Effect of glyoxylic acid concentration on the CL response versus time profile.
Experimental conditions: [HCOCO,H] = 0.025; 0.05; 0.1; 0.2 and 0.4M, [Mn(IV)] = 0.0025M,
Temperature = 25°C, [H,S04] =2M and HT (Fluorescence channel): 600V.

Overall, it has been demonstrated that the intensity and the kinetics of the chemilumines-
cence emission are fundamentally dependent of the kinetics of a chemical reaction —in par-
ticular, of the concentration of the substances participating in the reaction.
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Thus, these results confirm our working hypothesis for the light-producing mechanism that
the observed chemiluminescence emission is associated with the oxidation reaction of
Mn(lll) intermediate and organic substrate or some organic intermediates. This finding has
important implications for developing new chemiluminescence analytical techniques.

4.4 Oxalic acid(H,C,0,) chemiluminescence oxidation reactions

As already pointed out oxalic acid is presumably a common intermediate in the chemilumi-
nescence reaction of glyoxal and permanganate. As such, it was assumed that oxalic acid
was capable of reacting with manganese-based oxidants and generating the observed light
during the glyoxal CL oxidation. Therefore, it was reasonable to consider the oxidation reac-
tions between all manganese-based oxidizing agents and oxalic acid, in order to determine
whether it contributes to the resultant CL emission from permanganate and glyoxal.

4.4.1 Permanganate oxidation of oxalic acid

With the objective of understanding better the oxalate/permanganate chemiluminescence
reaction mechanism, a set of kinetics experiments of this system were performed in sul-
phuric acid solution at a constant temperature of 25 °C.

He et al*®® examined the reaction of acidic potassium permanganate with oxalic acid and re-
ported the determination of oxalate in urine, using FIA methodology. The method was based
on the effect of formaldehyde, as enhancer, on the rate of the CL reaction of permanganate
with oxalic acid, where the ‘peak appearance time’ was directly related to the concentration
of oxalate and the limit of detection was reported to be 5 x 1072 M.

This contribution describes for the oxidation of oxalic acid by permanganate with a focus on
characterizing the kinetic curves of the CL and kinetic curves for oxalate-Mn(VII) reactions.

Figure 4.27 shows the kinetic curves of the CL emission and the kinetics of the reaction in
which the initial [MnO,4] was held constant at 0.0025M and the initial [oxalic acid] were var-
ied between 0.1 and 0.8M.

The results of this study indicate that oxalic acid and MnQ, reacted and produced a very
weak intensity of the CL emission. The experimental evidence from the absorbance time
course indicated half-time of reaction of about 75 seconds.

It can be seen that glyoxal reaction with permanganate is faster that oxalic acid reaction,
therefore, returning to the hypothesis at the beginning of this study, it is now possible to
state that oxalic acid has not emerged as a major contributing factor for the glyoxal CL emis-
sion. But, the possible small involvement of oxalic acid cannot be ruled out.
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Figure 4.27 Plot comparing chemiluminescence time course versus absorbance time course
for MnO, oxidation reaction of oxalic acid. Experimental conditions: [H,C,04] = 0.1, 0.2,
0.4 and 0.8M, [MnO,] = 0.0025M, Temperature = 25°C, [H,S04] = 2M, Wavelength = 525
nm; HT (Fluorescence channel): 800V.

Contrary to expectations, this study also did not find a significant increase in the intensity of
the CL emission, or the rate of reaction as oxalic acid concentration increased. The reason
for the weak CL is not clear but it may have something to do with the way for electronically
excited state loses its energy as heat rather than as photon of light.

4.4.2 Manganese(lll) oxidation of oxalic acid

It was suggested in the previous section that, although the CL reaction between oxalic acid
and permanganate occurs on a longer time scale than the glyoxal reaction, the possible in-
volvement of oxalic acid during CL reaction between glyoxal and permanganate cannot be
ruled out. The reason for that is that Mn(lll), as oxidizing agent, may react more rapidly with
oxalic acid rather than with glyoxal.

Interestingly, the results in Figure 4.28 indicated that Mn(lll) reacted rapidly with oxalic with-
in glyoxal and produced a significant chemiluminescence emission. It is possible to hypothe-
sise that this reaction is more likely to occur in the course of the chemiluminescence reac-
tion of glyoxal and permanganate.
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Figure 4.28 Plot comparing CL time course versus absorbance time course for Mn** oxida-
tion reaction of oxalic acid. Experimental conditions: [H,C,04] = 0.2M, [Mn®*] = 0.02Mm,
Temperature = 25°C, [H,SO,;] = 2M, Wavelength = 500 nm; HT (Fluorescence channel):
800V.

Contrary to permanganate, the manganese(lll) oxidation of oxalate in sulphuric acid medium
was accompanied by the development of an intense CL emission, which can be straightfor-
wardly exploited in analytical measurements.

A comparison of the two results - the kinetic curve of the CL and the UV absorbance of man-
ganese(lll) disappearance simply indicates that the development of the CL emission is direct-
ly related to the oxidation reaction, which suggests a direct connection between CL and con-
sumption of Mn(lll). This explains why formaldehyde acts as an enhancer.

4.4.3 Manganese(lV) oxidation of oxalic acid

Like Mn(lll), the possibility of Mn(1V) reacting with oxalic acid and producing light during the
chemiluminescence reaction of glyoxal and permanganate is very high. It was therefore nec-
essary to look at the reaction between Mn(IV) and oxalic acid.

The findings in Figure 4.29 indicated that the chemiluminescence intensity reached a maxi-
mum at 2.5 s after the reaction was initiated and returned to baseline within 10 s. Given this
time scale was the same as glyoxal time reaction; it is possible that oxalic acid and Mn(IV)
contributed for the glyoxal-permanganate chemiluminescence emission.

- 152-



6 25
L . Reaction: [oxalic acid]=0.4M
CL time course
al [Mn(IV)}=0.05M
420
4| 1 ~
-1
S | 115 £
= @D
D 3| 1 Q
5] g
= 4 1.0 ‘g
O 2F | §
1L 405
| Abs time course .
ot—-1t—7~— — 0.0
-2 0 2 4 6 8 10 12 14
Time (S)

Figure 4.29 Plot comparing CL time course versus absorbance time course for Mn(IV) oxi-
dation reaction of oxalic acid. Experimental conditions: [H,C,04] = 0.4M, [Mn(IV)] = 0.05M,
Temperature = 25°C, [H,S04] = 2M, WL = 400 nm; HT (Fluorescence channel): 800V.

These stopped-flow experimental results also revealed that the oxidation of oxalate by man-
ganese(lV) in sulphuric acid produced greater chemiluminescence signal when compared to
the chemiluminescence emissions from oxalate-Mn(lll) and oxalate-Mn(VIl) systems.

Comparing the two results, CL time curve and absorbance time curve, there appears to be a
direct connection between the CL emission and the Mn(IV) consumption.

Returning to the observed CL response from glyoxal/permanganate system, it has been
demonstrated that many of the dark reactions that occur during its reaction may affect the
overall CL emission.

These effects include the increase in the rate of the reaction and, most importantly, the am-
plification of the chemiluminescence emission as a result of chemical reaction between one
or more enhancers and intermediate products produced in course of the reaction, such as,
Mn(II1), Mn(IV), glyoxylic acid and oxalic acid.

During the chemiluminescence reaction of glyoxal/permanganate system, the three major
oxidants MnQ,4, Mn(1V) and Mn(lll) govern the chemical processes. While MnO4 slowly initi-
ates the reaction, a net four (or three)-electron-transfer process occurs initially, followed by
reactions between either Mn(IV) or Mn(lll) and glyoxal or the organic intermediates, which
are manifested by the emission of the chemiluminescence response.
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These results are also consistent with our working hypothesis for the light-producing mech-
anism, as they demonstrated that the observed chemiluminescence emission is enhanced by
the addition of reductants such as Mn(ll) or formaldehyde, which convert MnQ4 into Mn(lll),
thereby suggesting that the Mn(lll) is involved in the production of the chemiluminescence
emission from the glyoxal or other reactive intermediate products.

4.5 Malic acid chemiluminescence oxidation reactions

In order to test our working hypothesis for the light-producing pathway in permanganate
oxidation CL, more complex compounds were considered. In this section the CL reactions
between malic acid and manganese-based oxidants, as well as, the effect of initial additions
of substances such as glyoxal, pyrogallol, etc. were examined.

4.5.1 Permanganate oxidation of malic acid (HO,CCH,CHOHCO,H)

It has been found that the permanganate oxidation of malic acid elicits fairly intense lumi-
nescence. Using an FIA system with the permanganate chemiluminescence method, the de-
termination of malic acid in apple juice and cider was reported by Luo et al*’ and good
agreement was observed with a titration method. However, little is known about malic acid
chemiluminescence reaction with different manganese-based oxidants and it is not clear
what factors influence the chemiluminescence signal intensity.

This work focuses on characterizing the kinetic curves of the chemiluminescence emission
and light-producing pathway.

4.5.1.1 Effect of malic acid concentration

If CL signal intensity is dependent on malic acid concentration, there should be observed an
increase in the intensity and the rate of the CL emission during the permanganate oxidation
of malic acid.

The effect of malic acid concentration on the CL intensity was investigated. The results are
presented in Figure 4.30.

As expected, it can be seen from the Figure 4.30 that the permanganate oxidation of malic
acid in acidic solution produces light and the intensity of the luminescence is proportional to
the initial concentration of malic acid. At higher concentrations of malic acid e.g. over 0.5M,
it is difficult to observe the beginning of the kinetic curve of the chemiluminescence because
the reaction rate increases with the increase in malic acid concentration.

These results support the conclusion that the observed chemiluminescence is correlated to
the kinetics of reaction and Mn(lll) intermediate is involved in light-producing reaction.
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However, it is apparent from the inset of Figure 4.30 that absorbance profiles do not display
any induction period. This result may be explained by the fact that malic acid oxidation reac-
tion by permanganate is very fast and removes the induction period.
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Figure 4.30 Effect of malic acid concentration on the CL response versus time profile. Ex-
perimental conditions: [HO,CCH,CHOHCO,H] = 0.1; 0.25; 0.5 and 0.75M, [MnO,] = 0.001M,
Temperature = 25°C, [H,S04] = 2M and HT (Fluorescence channel): 800V.

4.5.1.2 Influence of formaldehyde on malic acid chemiluminescence

It has been demonstrated above that formaldehyde reacts with MnO,4 to produce Mn(lll)
intermediate and it is the latter that oxidizes quickly the analyte or its organic intermediates
in a final elementary reaction to form an excited manganese(ll) species(Mn(Il)*) that emits
light and enhances the resulting chemiluminescence signal intensity.

If CL signal intensity is dependent on formaldehyde concentration and formaldehyde en-
hances the CL emission that accompanies the MnQO4 oxidation of malic acid, it should be ob-
served an increase in the intensity and the kinetics of the CL emission during the reaction.

Figure 4.31 shows the kinetic curves of the CL emission for several experiments of a series in
which the initial concentration of MnO4 and malic acid were held constant, namely 0.001M
and 0.05M, respectively and the initial [formaldehyde] was varied from 0.1 to 1.0 M.
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Very low concentration was used for malic acid to slow down the oxidation reaction and en-
sure a generation of fairly intensity CL emission that allows the investigation of the depend-
ence of the intensity of the CL on various parameters, such as formaldehyde and manga-
nese(ll).

2.2

20

18 I\ _
| \[formaldehyde] =0.0M

16 | |\ [formaldehyde] = 0.1
14 \[formaldehyde] =0.25M

12
10
08
0.6
04
0.2
0.0

T

T

Absorbance

005

T

T

Time (s)

~
\\ 204 CL Intensity = 1.0[formaldehyde] + 1.02 &
R=0.997 //

\ [formaldehyde] =L.OM  ..]

T T T

CL Intensity (V)

T

T
10

T

T

Time (S)

Figure 4.31 Influence of added formaldehyde on the kinetics of the chemiluminescence
response versus time profile. Experimental conditions: [HCHO] = 0.1; 0.25; 0.5; 0.75 and
1.0M, [HO,CCH,CHOHCO,H] = 0.05M; [MnO,] = 0.001M, Temperature = 25°C, [H,SO4] =
2M and HT (Fluorescence channel): 800V.

As it can be seen in Figure 4.31, the addition of some limiting concentrations of formalde-
hyde to the reaction mixture leads to an increase in the chemiluminescence signal intensity
and a larger amount of formaldehyde corresponds to a higher rate of the reaction.

The results of this investigation show a good correlation between the CL maximum signal
intensity and the initial concentrations of formaldehyde.

The plot of the intensity as a function of the initial formaldehyde concentration (inset of Fig-
ure 4.31) was linear with a correlation coefficient R=0.997.

These results are consistent with the postulate that formaldehyde oxidation speeds up the
accumulation of Mn(lll) that then undergoes a rapid reduction to form excited manganese(ll)
species(Mn(l1)*) that emits light.
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4.5.1.3 Influence of added Mn(ll) on malic acid chemiluminescence

Figure 4.32 shows the kinetic curves of the CL emission for several experiments of a series in
which the initial concentration of MnO4 and malic acid were held constant, namely 0.001M
and 0.05M, respectively and the initial [Mn (11)] was varied from 0.01 to 0.5 M.
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Figure 4.32 Influence of added manganese(ll) on the kinetics of the chemiluminescence
response versus time profile. Experimental conditions: [Mn(l1)] =0.01; 0.05; 0.1; 0.2 and 0.5
M, [HO,CCH,CHOHCO,H] = 0.05M; [MnO,] = 0.001M, Temperature = 25°C, [H,SO,] = 2M
and HT (Fluorescence channel): 800V.

As it can be seen in Figure 4.32, the addition of some limiting concentrations of Mn(ll) to the
reaction mixture seems to have no excepted effect on the chemiluminescence emission.

The reason for this is not clear but it may have something to do with the lack of the induc-
tion period observed for malic acid oxidation by permanganate.

4.5.1.4 Influence of glyoxal on malic acid chemiluminescence

It was hypothesized above that the addition of a new substrate in the system would lead to
a change in the intensity of the CL in virtue of the co-oxidation reaction. So far, this assump-
tion has been demonstrated by the addition of formaldehyde in the reaction mixture.

In order to test further the hypothesis, the enhancement experiments have been extended
to other organic additives such as glyoxal.
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Figure 4.33 shows the kinetic curves of the CL emission for several experiments of a series in
which the initial concentration of MnO4 and malic acid were held constant, namely 0.001M
and 0.01M, respectively and the initial concentration of glyoxal was varied from 0.01 - 0.2 M.

From Figure 4.33, it can be seen that the addition of some limiting concentrations of glyoxal
to the reaction mixture leads to an increase in the chemiluminescence signal intensity and a
larger amount of glyoxal corresponds to a higher rate of the reaction.
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Figure 4.33 Influence of added glyoxal on the kinetics of the chemiluminescence response
versus time profile. Experimental conditions: [glyoxal] = 0.1; 0.25; 0.5; 0.75 and 1.0M,
[MnO,] = 0.001M, [HO,CCH,CHOHCO,H] = 0.01M, T° = 25°C, [H,SO4] = 2M and HT (Fluores-
cence channel): 800V.

The results also show a good correlation between the CL signal intensity and the initial con-
centrations of glyoxal. The plot of the CL maximum intensity as a function of the initial gly-
oxal concentration (inset of Figure 4.33) was linear with a correlation coefficient R=0.998.

These results are consistent with the postulate that the addition of another reductant in the
reaction mixture increases the CL signal intensity.

The observed increase in CL signal intensity is attributed to co-oxidation of malic acid and
glyoxal by permanganate to speed up the accumulation of manganese(lll) that then under-
goes a rapid reduction to form excited manganese(ll) species(Mn(ll)*) that emits light.
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An implication of this is the possibility that glyoxal could be used as enhancer in malic ac-
id/MnQO,4 CL system.

4.5.2 Manganese(lll) oxidation of malic acid

It was hypothesis that, in the light-producing pathway, malic acid reduces Mn(lll) to form
excited manganese(ll) species that emits light. Therefore, it was essential to separately eval-
uate the CL reaction of malic acid and Mn(lll).

In this set of experiments, the initial concentration of Mn(lll) was held constant at 0.05M
and the initial concentration of malic acid was varied from 0.05 to 1.0M and the effect of
increasing malic acid concentration on chemiluminescence intensity was evaluated.
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Figure 4.34 Effect of malic acid concentration on the kinetics of CL response versus time
profile. Experimental conditions: [HO,CCH,CHOHCO,H] = 0.05; 0.10; and 1.0M, [Mn(lll)] =
0.05M, Temperature = 25°C, [H,5S0,4] =2M and HT (Fluorescence channel): 800V.

It was found that manganese(lll) reacts with malic acid to produce light emission in acid so-
lution. The concentration of the malic acid had a very strong influence on chemilumines-
cence signal intensity.

The results from experiments demonstrated that as the concentration of malic acid in-
creased, the maximum of CL signal intensity gradually increased, as seen in Figure 4.34.

The results support the involvement of Mn(lll) in the light-producing pathway in which it ox-
idizes malic acid to form excited manganese(ll) species that emits light.
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For an additional check on the conclusion that the excited Mn(ll) is formed by the reduction
of Mn(lll) intermediate by malic acid, experiments were carried out in which Mn(ll) was add-
ed into the reaction mixture.

If the excited Mn(ll) is formed in a chemical reaction and not as the result of energy transfer,
then the addition of Mn(ll) should not lead to the CL emission or an enhancement of the CL
observed.

Figure 4.35 shows the effect of externally added Mn(ll) on the CL response from Mn(lll) and
malic acid.
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Figure 4.35 Effect of [Mn(ll)] on the kinetics of chemiluminescence response versus time
profile. Experimental conditions: [Mn(ll)] = 0.0; 0.10; 0.20; 0.50 and 1.0M, [Mn(lll)] =
0.05M, [HO,CCH,CHOHCO,H] = 0.05M, Temperature = 25°C, [H,S04] =2M and HT (Fluores-
cence channel): 800V.

It was found that the addition of various concentrations (0.1 to 1.0M) of Mn(ll) to malic acid
oxidation by Mn(lll) did not lead to the increase of CL emission, as for MnQO, reaction, but
the added Mn(ll) lead to the quenching of the CL signal.

One of the more significant findings to emerge from this study is that formaldehyde, as an
enhancer, does not participate in the reduction of Mn(lll) intermediate, under the reaction
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conditions, to form excited manganese(ll) species that emits light, due to the slow reaction
between Mn(lll) and formaldehyde as demonstrated in Figure 4.13.

For additional check on this conclusion, experiments were carried out, in which formalde-
hyde concentration was varied in the range 0.1 to 0.8M, while 0.05M malic acid and 0.05M
Mn(IIl) concentrations were held constants.

If the formaldehyde is involved in the CL emission resulting from Mn(lll) oxidation of malic
acid, then the addition of formaldehyde should lead to an enhancement of the CL signal in-
tensity. The results of the experiments are presented in Figure 4.36.
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Figure 4.36 Effect of formaldehyde concentration on the kinetics of CL response versus
time profile. Experimental conditions: [HCHO] = 0.0; 0.10; 0.20; 0.50 and 0.80M, [Mn(lll)] =
0.05M, [HO,CCH,CHOHCO,H] = 0.05M, Temperature = 25°C, [H,S04] =2M and HT (Fluores-
cence channel): 800V

The test was successful as it was able to demonstrate that the added formaldehyde concen-
trations did not lead to the chemiluminescence emission observed.

The addition of formaldehyde to the malic acid-manganese(lll) system, where the oxidation
of malic acid accompanied by chemiluminescence emission takes place did not lead to an
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enhancement of the chemiluminescence emission. The results confirm the hypothesis that,
under the reaction conditions, Mn(lll) oxidation reaction of formaldehyde is very much
slower to illicit a measurable CL response and contribute to the malic acid CL intensity.

4.5.3 Manganese(lV) oxidation of malic acid

After Mn(lll) oxidation of malic acid, it was necessary to look at Mn(IV) oxidation of malic
acid, as it is likely that that reaction occurs and contributes for malic acid — permanganate
chemiluminescence system.

The chemiluminescence profiles obtained by varying the large excess of malic acid concen-
tration in the range 0.005 — 0.1 M are shown in Figure 4.37.

It has been observed that Manganese(IV) reacts with malic acid to produce light emission in

acid solution.

The results from experiments demonstrate that as the concentration of malic acid increased,
the maximum of chemiluminescence signal intensity increased dramatically. The plot of the
CL maximum intensity as a function of the initial malic acid concentration (inset of Figure
4.37) was linear with a correlation coefficient R=0.962.
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Figure 4.37 Effect of malic acid concentration on the kinetics of CL response versus time
profile. Experimental conditions: [HO,CCH,CHOHCO,H] = 0.005; 0.01; 0.05; 0.1 and 0.5M,
[Mn(IV)] = 0.02M, Temperature = 25°C, [H,504] =2M and HT (Fluorescence channel): 600V.
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These results confirm our working hypothesis for the light-producing pathway that malic ac-
id and others reductants (e.g. formaldehyde, Mn(ll), etc.) initiates the reduction of perman-
ganate to generate Mn(lll) intermediate, which then reacts with malic acid to form excited
Mn(Il) species that emit light.

4.6 Metronidazole (CsHoN303) chemiluminescence oxidation reactions

Metronidazole, as a substance test with slower rate of reaction compared with glyoxal, was
used to test our working hypothesis for the light-producing pathway in manganese-based
chemiluminescence oxidation system.

Metronidazole is an important antibiotic drug largely prescribed in the treatment against
anaerobic bacteria and certain parasites. Therefore, a sensitive and selective analytical con-
trol for the study of this molecule and its metabolites in biological fluids is necessary.

Despite that acidic MnO,4 CL detection has been used to determine a number of pharmaceu-
tical molecules in commercial formulations, no reported attempt to the determination of
metronidazole using CL technique was found and little is known about the light-producing
pathway in the reaction between MnO, and metronidazole and it is not clear what factors
influence the kinetics and the intensity of the CL emission.

In this section the chemiluminescence reactions of metronidazole with manganese-based
oxidants are examined and the light-producing pathway hypothesis is tested by predicting
the effects of enhancers.

4.6.1 Permanganate oxidation reaction of Metronidazole

The characteristics of the chemiluminescence kinetics of the reaction of permanganate and
metronidazole in sulphuric acid medium were investigated.

Kinetic experiments of oxidation of metronidazole with permanganate were conducted at a
constant temperature of 25 °C under the reaction conditions relevant to chemiluminescence
emission signal exhibition.

As can be expected, the stopped-flow experiments demonstrated in Figure 4.38 that the re-
action between metronidazole (dissolved in 2 mol L™ sulphuric acid) and permanganate was
accompanied by the reduction of the permanganate, attendant oxidation of the target com-
pound - metronidazole, and formation of a variety of reaction products.

It is evident from Figure 4.38 that metronidazole is oxidized by permanganate (MnQy) in
sulphuric acid medium and generates a relatively weak chemiluminescence response.
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The results revealed that, although, the oxidation of metronidazole by permanganate in sul-
phuric acid was relatively slow - the absorbance time course indicates half-time (ti») reac-
tion of 50 seconds and the permanganate reduction efficiency is up to 99.5% within
300 seconds.
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Figure 4.38 Plot comparing CL time course versus absorbance time course for MnO4
oxidation reaction of metronidazole. Experimental conditions: [C¢HgN30s] = 0.01M, [MnO,4
] =0.005M, Temperature = 25°C, [H,SO4] =2M, Wavelength = 525 nm; HT (Fluorescence
channel): 800V

4.6.1.1 Effect of formaldehyde concentration on the Chemiluminescence

The hypothesis for the light-producing reaction was tested by predicting the effects of added
formaldehyde as enhancer in metronidazole/permanganate system.

As mentioned previously, the presence of formaldehyde increases the emission intensity
from reactions with acidic potassium permanganate. In order to investigate the enhance-
ment effects, a series of kinetic runs, monitored at maximum absorbance of KMnQO, at 525
nm, and the chemiluminescence signal was recorded at its maximum emission, were per-
formed by increasing the concentration of formaldehyde (range: 0.1 — 1.0 moldm™) at con-
stant concentrations of other reactants. [Metronidazole] = 0.001M; [MnO,; ] = 0.005mol
dm_s; [H,S04]=2.0 moldm™ and temperature = 25°C.
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Figure 4.39 shows the kinetic curves of the chemiluminescence emission and its correspond-
ing absorbance time courses (inset of Figure 4.39) at four concentrations of formaldehyde. It
is characteristic that as the concentration of formaldehyde increases the rate of the reaction
increases. Thus, there is a direct relationship between the intensity of the chemilumines-
cence and the rate of oxidation.
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Figure 4.39 Effect of formaldehyde concentration on the kinetics of chemiluminescence
response versus time profile and absorbance time course. Experimental conditions: [for-
maldehyde] =0.1; 0.25; 0.5; 0.75 and 1.0M, [MnO,4] = 0.005M, [CsH3N5O3] = 0.001M, Tem-
perature = 25°C, [H,504] =2M, Wavelength = 525 nm and HT (Fluorescence channel): 800V.

The results confirm the hypothesis that, under the reaction conditions, formaldehyde in-
creases the CL by increasing the concentration of Mn(lll) intermediate, which is rapidly re-
duced by organic species to form excited manganese(ll) species that emits light.

4.6.1.2 Influence of glyoxal concentration on the Chemiluminescence

It was suggested earlier that the addition of a new substrate in a slower and non-CL system
would lead to a change in the intensity of the chemiluminescence emission and an increase
in the reaction rate.

To test the hypothesis in the metronidazole-permanganate chemiluminescence system, a
series of stopped-flow experiments was carried out. In these experiments 0.01M glyoxal was
added into the oxidation reaction between 0.001M metronidazole and 0.005M KMnO, in
sulphuric acid in which no significant chemiluminescence emission was observed.
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A comparison of the two results reveals that the introduction of 0.01M glyoxal leads to an
enhancement of the intensity of the CL and an increase of the reaction rate.

The resultant chemiluminescence time course and its corresponding absorbance time course
presented in Figure 4.40 showed significant differences in the kinetics and the intensity of

the chemiluminescence emission with and without glyoxal.
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Figure 4.40 Plot comparing CL time course versus absorbance time course for KMnQO, oxi-
dation reaction of metronidazole with and without glyoxal. Experimental conditions:
Wavelength = 525 nm; [CsHgN3O3] = 0.001M; [KMnO4] =0.005M; [OCHCHO] = 0.01M;
[H2S04] = 2M; Temperature = 25°C.

Again the results of these experiments support the hypothesis that co-oxidation of organic
substrates increases the rate of formation of Mn(lll) that increases the CL emission.

In order to check whether the order by which a compound is added in a chemiluminescence
system has any effect on the reaction rate and on the kinetics and the intensity of the
chemiluminescence emission, a series of univariate experiments was carried out.

In these experiments metronidazole was used as enhancer and added into glyoxal-
permanganate chemiluminescence system rather than adding glyoxal into metronidazole-
permanganate system. Figure 4.41 gives the kinetic curves of the chemiluminescence and
the absorbance time courses at four concentrations of metronidazole.

The experimental results indicate that the addition of metronidazole to glyoxal-MnO, CL
system leads to an enhancement of the observed chemiluminescence intensity.
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As it can be seen in Figure 4.41, a larger amount of metronidazole produces a higher intensi-
ty of the chemiluminescence and leads to a higher rate of reaction (inset of Figure 4.41).

The findings of this study suggest that the order by which a compound is added into a sys-
tem has no significant effects on the resulting chemiluminescence signal intensity, but it is
the mixture composition that matters.
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Figure 4.41 Influence of added metronidazole on the kinetics of glyoxal oxidation reaction
and chemiluminescence response versus time profile. Experimental conditions: [CsHgN30s]
= 0.0; 0.001; 0.002 and 0.005M , [MnO,] = 0.005M, [OCHCHO] = 0.01M, Temperature =
25°C, [H,S0,] =2M, Wavelength = 525 nm and HT (Fluorescence channel): 800V.

Taken together, these results further support the hypothesis that co-oxidation of organic
substrates increases the concentration of manganese(lll) that increases the chemilumines-
cence emission.

4.6.1.3 Influence of pyrogallol (C¢HgO3) concentration on the CL emission

In her attempt to explain the mechanism of the enhancement, Abdel-Mageed® used pyro-
gallol and gallic acid to enhance permanganate chemiluminescence systems, however, there
has been little discussion about light-producing pathway.

In order to test the hypothesis of the light-producing reaction by predicting the effects of
pyrogallol as enhancer, a series of kinetic experiments was carried out, in which the initial
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concentration of metronidazole and permanganate were held constant at 0.001M and
0.005M, respectively and the initial concentration of pyrogallol was varied in the range 0.0
to 0.001M.

As expected, the experimental results in Figure 4.42 indicate the addition of pyrogallol to
metronidazole/permanganate CL system leads to an enhancement of the intensity of chemi-
luminescence observed. As it can be seen, a larger amount of pyrogallol produces a higher
intensity of the CL and leads to a higher rate of reaction (inset of Figure 4.42).
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Figure 4.42 Influence of added pyrogallol on the kinetics of metronidazole oxidation reac-
tion and CL response versus time profile. Experimental conditions: [CsHsO3] = 0.0; 0.0001;
0.0002; 0.0005; and 0.001M, [MnO,] = 0.005M, [CsHsN303]= 0.001M, Temperature = 25°C,
[H2S04] =2M, Wavelength = 525 nm and HT (Fluorescence channel): 800V.

To convince ourselves that the order by which pyrogallol and metronidazole is mixed pro-
duces similar effects of enhancement on the metronidazole/pyrogallol/MnO, CL system, a
series of kinetic experiments in which metronidazole was added to pyrogallol and MnO, was
carried out.

The results in Figure 4.43 show that the addition of metronidazole into pyrogallol oxidation
by permanganate leads, as expected, to an enhancement of the chemiluminescence ob-
served and also to an increase of the reaction rate (inset of Figure 4.43).
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The observed difference between pyrogallol and metronidazole, as enhancers in this study
was not significant.
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Figure 4.43 Influence of added metronidazole on the kinetics of pyrogallol oxidation reac-
tion and chemiluminescence response versus time profile. Experimental conditions:
[CeH9N3O3] = 0.0; 0.01; 0.02; and 0.05M, [MnO,] = 0.005M, [C¢H¢O3] = 0.001M, Tempera-
ture = 25°C, [H,SO,] =2M, Wavelength = 525 nm and HT (Fluorescence channel): 800V.

Taken together, these results again further support the conclusion that the enhancement in
the observed chemiluminescence emission is associated with the co-oxidation of pyrogallol
and metronidazole to increases the concentration of Mn(lll) that increases the CL emission.

4.6.1.4 Influence of gallic acid concentration on the chemiluminescence

As mentioned earlier, gallic acid has been used by Abdel-Mageed™® as an enhancer for MnO,
CL system, however, there has been little discussion about light-producing pathway.

To test the hypothesis for the light-producing pathway by predicting the effects of gallic acid,
as enhancer, a series of kinetic experiments was carried out, in which the initial concentra-
tion of metronidazole and MnO4 were held constants at 0.001M and 0.005M, respectively
and the initial concentration of gallic acid was varied in the range 0.0 to 0.002M.
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Figure 4.44 Influence of added gallic acid on the kinetics of metronidazole oxidation reac-
tion and CL response versus time profile. Experimental conditions: [C;HsO5] = 0.0; 0.0005;
0.001 and 0.002M, [MnO,] = 0.005M, [CsH9N303] = 0.001M, Temperature = 25°C, [H,S04]
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Figure 4.45 Influence of added metronidazole on the kinetics of gallic acid oxidation reac-
tion and CL response versus time profile. Experimental conditions: [C¢HgNsO3] = 0.002;
0.01; 0.02; and 0.05M, [MnO4] = 0.005M, [C;H¢Os] = 0.001M, T° = 25°C, [H,SO4] =2M,
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Wavelength = 525 nm and HT (Fluorescence channel): 800V.
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As expected, the experimental results in Figure 4.44 indicate the addition of gallic acid to
metronidazole/permanganate CL system leads to an enhancement of the observed CL signal
intensity.

As it can be seen, a larger amount of gallic acid produces a higher intensity of the CL emis-
sion and leads to a higher rate of reaction (inset of Figure 4.44).

The addition of metronidazole into gallic acid-permanganate CL system produced similar ef-
fect of enhancement as it can be seen in Figure 4.45. The observed difference in between
gallic acid and metronidazole, as enhancers in this study was not significant. The reaction
rate and the CL signal intensity increased as the concentration of metronidazole increased.

Taken together, these results confirm the conclusion that the enhancement in the observed
chemiluminescence emission is associated with the co-oxidation of gallic acid and metroni-
dazole to increases the concentration of Mn(lll) that increases the CL emission.

4.6.2 Manganese(lll) oxidation of metronidazole

It has been postulated in scheme 4.1 that Mn(lll) intermediate reacts with organic substrates
and intermediates to form excited Mn(ll) species that emit light. To test the hypothesis the
reaction between Mn(lll) and metronidazole was studied.

If the observed CL emission during the MnO, oxidation of metronidazole follows the light-
producing pathway proposed, the reaction of Mn** and metronidazole should lead to CL
emission.

0.8 = 0.8

rAbs time course

06 4 0.6
S
< >
= 04 404 >
(] =
8 2
8 o]
= =
£ S

2+ 402 A
§ 0 020

CL time course
00 [

0 200 400 600 800 1000
Time (s)

Figure 4.46 Plot comparing chemiluminescence time course versus absorbance time course
for Mn(lll) oxidation reaction of metronidazole. Experimental conditions: [C¢HgN3sOs] =
0.002, 0.005, 0.01, 0.05 and 0.1M, [Mn(lll)] = 0.05M, Temperature = 25°C, [H,S04] = 2M,
Wavelength = 500 nm; HT (Fluorescence channel): 800V
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To evaluate the chemiluminescence potential of metronidazole-manganese(lll) system, a
series of univariate experiments were carried out, in which the kinetics of the chemilumi-
nescence reaction between manganese(lll) and metronidazole and the dependence of the
chemiluminescence signal intensity on metronidazole concentration were examined.

In these experiments, the initial concentration of Mn(lll) was held constant at 0.05M while
the initial concentration of metronidazole was varied in the range 0.002 to 0.10M and the
effects of increasing metronidazole concentration on CL signal intensity were evaluated. The
experimental results are presented in Figure 4.46.

It is somewhat surprising that no noticeable chemical reaction and no measurable CL signal
were noted in these experimental conditions. No increase of CL emission associated with
[metronidazole] increase was detected. This finding was unexpected and would suggest that
Mn(Ill) is not involved in the light-producing pathway. The experimental results are rather
controversial, and they are not in good agreement with our working hypothesis for light-
producing pathway.

It is difficult to explain this result in relation with the proposed light-producing mechanism,
but the observed chemiluminescence emission during metronidazole oxidation by MnO4
could be attributed to the reaction between Mn(lll) intermediate and organic intermediates
formed in the course of the initial reaction in which metronidazole reduces MnQO,4 to Mn(lll).

4.6.3 Manganese(lV) oxidation of metronidazole

It was suggested in Scheme 4.1 that Mn(1V) is in rapid equilibrium with Mn>*. Therefore, it
was necessary that after Mn(lll) failed to react with metronidazole, to examine the reaction
between Mn(lV) and metronidazole.

If the reaction between Mn(IV) and metronidazole produces chemiluminescence signal,
which would suggest that Mn(IV) could react with organic substrates in two electron transfer
process to form directly Mn(lIl) species that elicits light and the proposed light-producing
pathway must be modified.

The oxidation reaction of metronidazole in acidic solution and manganese(lV) was moni-
tored at its maximum absorbance at 400 nm. This reaction was studied over the metronida-
zole concentration range of 0.005 - 0.1M.).

Contrary to expectations no significant chemical reaction and no measurable chemilumines-
cence signal were noted under the reaction conditions. Again there was no increase of
chemiluminescence emission associated with metronidazole concentration increase. The
experimental results are rather controversial, and they are not in good agreement with the
light-producing pathway proposed in Scheme 4.1.
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Figure 4.47 Plot comparing chemiluminescence time course versus absorbance time course
for Mn(IV) oxidation reaction of metronidazole. Experimental conditions: [CgHgN3Os] =
0.001, 0.005, 0.01, 0.05 and 0.1M, [Mn(IV)] = 0.01M, Temperature = 25°C, [H,SO4] = 2M,
Wavelength = 400 nm; HT (Fluorescence channel): 800V.

A possible explanation for the observed chemiluminescence response during permanganate
oxidation of metronidazole might be that organic intermediates (first step products) react
successively with Mn(1V) and Mn(lll) to form excited manganese(ll) species that elicit light. In
this case, it is not metronidazole that reacts in the second step of the pathway, but its in-
termediate formed during the first step process.

4.7 Tetracycline (C;,H,4N,05) chemiluminescence oxidation reactions

For an additional check on the hypothesis postulated in Scheme 4.1, tetracycline was also
used as a substance which for a similar rate of reaction compared to glyoxal.

Tetracycline is an important antibiotic drug for which, a sensitive and selective analytical
method for the molecule and its metabolites in biological fluids is necessary. Although acidic
potassium permanganate chemiluminescence detection has been used to determine a num-
ber of pharmaceutical molecules in commercial tablets, little is known about the light-
producing pathway in the reaction between permanganate and tetracycline and it is not
clear what factors that influence the kinetics and the intensity of the CL emission.

In this section the CL reactions of tetracycline with manganese-based oxidants are examined
and the proposed light-producing pathway tested by predicting the effects of enhancers.
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4.7.1 Permanganate oxidation of tetracycline

Li et al.>** described a rapid and simple flow injection CL procedure for the determination of
trace amounts of tetracyclines, which elicited CL with potassium permanganate in hydro-
chloric acid in the presence of a sensitizer, octylphenyl polyglycol ether.

The response to the concentration of tetracycline was linear in the range of 1.00 to 1000 ug
mL™ with a relative standard deviation < 2.3 % for determination of 50.0 ug mL-1 of each
antibiotic (n = 11). The detection limits for tetracycline, oxytetracycline and chlortetracycline
were 0.40, 0.52 and 0.60 pug mL-1, respectively. The method is suitable for automatic and
continuous analysis and has been successfully tested for determination of tetracycline in
commercial formulations. The CL intensity was found to be remarkably enhanced when in
the presence of octylphenyl polyglycol ether micellar system. So far, however, there has
been little discussion about the light-producing reaction of tetracycline.

With the objective of understanding better the reaction mechanism of tetracycline - MnO4
CL system, a set of stopped-flow experiments of the system was carried out at a constant
temperature of 25 °C.
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Figure 4.48 Plot comparing CL time course versus absorbance time course for MnO, oxida-
tion reaction of tetracycline. Experimental conditions: [C;;H24N,0g] = 0.01M, [MnO,] =
0.001M, Temperature = 25°C, [H,S04] = 2M, Wavelength = 525 nm; HT: 800V.

Figure 4.48 compares the kinetic curves of the chemiluminescence emission and the reac-
tion rate in which 0.001M permanganate and 0.01M tetracycline were reacted.

As was be expected, the stopped-flow experiments demonstrated in Figure 4.48 that tetra-
cycline (dissolved in 2 mol L™ sulphuric acid) is rapidly oxidized by permanganate.

- 174-



It is believed that the reaction is a result of permanganate reduction, attendant oxidation of
the target compound - tetracycline, and formation of a variety of reaction products. It is evi-
dent from Figure 4.48 that permanganate oxidation of tetracycline in sulphuric acid medium
is accompanied by a chemiluminescence emission.

4.7.1.1 Effect of manganese(ll)

It has been previously found that permanganate oxidation of tetracycline in sulphuric acid
solution gives off a weak chemiluminescence. However, the addition of Mn(ll) salt should
lead to an enhancement of the observed chemiluminescence signal intensity with an in-
crease in the reaction rate.

A set of univariate experiments was carried out to test the effect of adding Mn(ll) salt on the
kinetics of tetracycline CL reaction. The experimental results are presented in Figure 4.49.
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Figure 4.49 Effect of Mn(ll) concentrations on the kinetic curves of the chemiluminescence
signal. Experimental conditions: [C;;H24N,0g] = 0.0005M, [MnO,4] = 0.001M, [Mn(ll)] =
0.0001, 0.0005, 0.001, 0.005, 0.01 and 0.1M; Temperature = 25°C, [H,SO4] = 2M, Wave-
length = 525 nm; HT (Fluorescence channel): 800V

As it can be seen in Figure 4.49, under the reaction experimental conditions of a large excess
of permanganate, the chemiluminescence emission increased sharply as manganese(ll) con-
centration increased up to 0.005M, then decreased at higher concentrations. Manganese(ll)
provided a 2-10 fold increase compared to CL response from the reaction without Mn(ll).
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Thus, the test for the hypothesis was successful, as CL signal intensity increased with the ad-
dition of manganese(ll) salt. The mechanism of enhancement is thought to involve both au-
tocatalytic role of Mn(ll) and CL oxidation reaction between Mn(lll) intermediate with tetra-
cycline and some organic intermediates.

However, the quenching of CL intensity could be attributed to light absorption by molecules
at higher tetracycline concentrations. It is also possible that the rate of reaction is so fast
that some CL is lost in the dead-time.

4.7.1.2 Effect of formaldehyde

As mentioned previously, the presence of formaldehyde increases the CL response from oxi-
77,96, 110, 125, 126, 145-147, 464, 519

dation reactions of many analytes with acidic KMnO,
To ascertain our working hypothesis for the light-producing mechanism, the addition of for-
maldehyde in the reaction mixture should increase the observed CL signal intensity with an
increase in the reaction rate.

A series of kinetic runs were carried out by increasing the [formaldehyde] from 0.0 — 1.0M at
constant concentrations of other reactants. The results are shown in the Figure 4.50.
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Figure 4.50 Effect of formaldehyde concentration on the kinetic of the reaction and CL sig-
nal. Experimental conditions: [C;;,H24N,0g] = 0.0005M, [MnO,4] = 0.001M, [HCHO] = 0.0,
0.1, 0.25, 0.5, 0.75 and 1.0M; Temperature = 25°C, [H,S04] = 2M, Wavelength = 525 nm;
HT (Fluorescence channel): 800V.
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The experimental results in Figure 4.50 show that the addition of formaldehyde to the reac-
tion mixture leads to an increase of the reaction rate and to an enhancement of the ob-
served CL signal intensity. As the initial formaldehyde concentration increased, the maxi-
mum of the intensity of the CL signal gradually increased in the concentration range 0.10 —
1.0 moldm™.

According to the proposed mechanism, the effect of formaldehyde in the CL reaction of tet-
racycline and MnQy, is associated with the co-oxidation of formaldehyde and tetracycline to
increase the concentration of Mn(lll) intermediate and thus the CL emission.

4.7.1.3 Effect of glyoxal

If the observed CL response in the presence of glyoxal is a result of chemical co-oxidation of
tetracycline and glyoxal to generate Mn(lll) intermediate that forms excited Mn(ll) species,
then increasing concentrations of glyoxal should lead to an enhancement of the observed CL
emission.

To examine the effects of glyoxal as enhancer, a series of univariate experiments were car-
ried out by increasing the glyoxal concentration from 0.0 — 0.4 moldm™ at constant concen-
trations of other reactants.
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Figure 4.51 Effect of added glyoxal concentration on the kinetic of the reaction and tetra-
cycline CL signal. Experimental conditions: [C;;H24N,0g] = 0.0005M, [MnO,] = 0.01M,
[OCHCHO] = 0.0, 0.05, 0.1, 0.2 and 0.4M; Temperature = 25°C, [H,SO,] = 2M, Wavelength
=525 nm; HT (Fluorescence channel): 800V.
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The experimental results in Figure 4.51 show that the addition of glyoxal into the reaction
mixture leads to a significant increase in the rate of reaction and to an enhancement of the
observed CL signal intensity, which could be useful for developing suitable analytical CL-
procedures.

To complement the study of the tetracycline CL potential during oxidation by KMnOQ,, the
effect of added tetracycline concentration in glyoxal oxidation reaction was also examined.

A series of univariate experiments was performed, in which the tetracycline initial concen-
tration was varied in the range 0.0 to 0.005M, while holding the initial concentrations of the
glyoxal and MnOQy constituents constant. The concentration of glyoxal was in excess.

As seen in Figure 4.52, the addition of tetracycline concentration in glyoxal oxidation in-
creased the rate of the reaction with subsconsequent increase in the CL intensity.
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Figure 4.52 Effect of added tetracycline concentration on the kinetic of the reaction and
glyoxal chemiluminescence signal. Experimental conditions: [OCHCHO] = 0.01M, [MnO,] =
0.005M, [C;,H.4N,0g] = 0.0, 0.00005, 0.0005, 0.001 and 0.005M; Temperature = 25°C,
[H2S04] = 2M, Wavelength = 525 nm; HT (Fluorescence channel): 800V.

4.7.2 Manganese(IV) oxidation of tetracycline

The kinetics of the CL reaction between Mn(lV) and tetracycline were examined. In Figure
4,53, the Mn(IV) absorbance time course (left axis) in the reaction of 0.001M tetracycline
with 0.01M Mn(IV) is compared with its corresponding CL time course (right axis).
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Figure 4.53 Plot comparing CL time course versus absorbance time course for Mn(IV) oxi-
dation reaction of tetracycline. Experimental conditions: [Cy;H,4N,05] = 0.001M, [Mn(IV)] =
0.01M, Temperature = 25°C, [H,S04] = 2M, Wavelength = 400 nm; HT (Fluorescence chan-
nel): 800V.

It can be seen that, under the reaction conditions, although the tetracycline reacts with
manganese(lV), no significant CL emission was observed. The addition of formaldehyde is
predicted to lead to an enhancement of the observed CL signal intensity.

As shown in Figure 4.54, it was found that the addition of 0.1 to 1.0M formaldehyde to tet-
racycline oxidation by manganese(lV) did lead to an enhancement of the observed chemilu-
minescence signal intensity and to an increase of the reaction rate.

The results support our hypothesis which links the observed CL response with the reaction
between Mn(lll) intermediate and organic substrate or organic intermediates.

It is thought that formaldehyde and tetracycline undergo a co-oxidation reaction to increase
Mn(Ill) intermediate concentration responsible for the chemiluminescence response.
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Figure 4.54 Effect of added formaldehyde concentration on the kinetic of the reaction and
tetracycline chemiluminescence signal. Experimental conditions: [C;;H24N,05] = 0.0005M,
[Mn(IV)] = 0.01M, [HCHO] = 0.0, 0.1, 0.25, 05, 075 and 1.0M; Temperature = 25°C, [H,SO.]
= 2M, Wavelength = 400 nm; HT (Fluorescence channel): 800V.

4.7.3 Manganese(lll) oxidation of tetracycline

For additional check on the conclusion that excited Mn(ll) species that emit light are formed
by the reaction of Mn(lll) intermediate and organic substrate or organic intermediate, uni-
variate experiments were carried out, in which the initial Mn(lll) concentration was held
constant while the tetracycline concentration was varied in the range of 0.001 to 0.05M.

The plot of the Mn(lll) decay and chemiluminescence emission are given in Figure 4.55. It
was found that under the reaction conditions, manganese(lll) reacted very slowly with tetra-
cycline and no measurable chemiluminescence signal was detected.
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Figure 4.55 Plot comparing chemiluminescence time course versus absorbance time course
for Mn(lll) oxidation reaction of tetracycline. Experimental conditions: [C;;H,4N,0g] =
0.001, 0.01 and 0.05M, [Mn(lll)] = 0.05M, Temperature = 25°C, [H,SO,] = 2M, Wavelength
=500 nm; HT (Fluorescence channel): 800V.

This finding was unexpected although similar to metronidazole and suggests that manga-
nese(lll) cannot be responsible for the chemiluminescence. There is, however, another pos-
sible explanation for the observed chemiluminescence might be that Mn(lll) reacts with or-
ganic intermediates to form excited manganese(ll) species that emit light.

4.8 Pyridoxine chemiluminescence oxidation reactions

In order to confirm the validity of our working hypothesis for the light-producing pathway
further, kinetic characteristics of the chemiluminescence reaction of pyridoxine and manga-
nese-based oxidants, were investigated.

4.8.1 Permanganate oxidation of pyridoxine (CsH;;NO;)

Alwarthan and co-workers®” reported the chemiluminescence method using flow injection
for the determination of pyridoxine hydrochloride. Its detection limit, linearity and repro-
ducibility were examined. The method was based on the enhancing effect of pyridoxine hy-
drochloride on the chemiluminescence generated by the oxidation of luminol with hydrogen
peroxide in agueous potassium hydroxide and sodium oxalate.
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The chemiluminescence intensity was a linear function of pyridoxine hydrochloride concen-
tration over the range 10 - 250 ug ml™* with a detection limit of 6 pg ml™.

The applicability of the method was demonstrated by the determination of pyridoxine hy-
drochloride in different tablet formulations and some dietary sources.

This present study examines the oxidation of pyridoxine in sulphuric acid medium by potas-
sium permanganate, Mn(lll) and Mn(IV), with a focus on characterizing the kinetic curves of
the CL emission and the reaction rates for pyridoxine-Mn(VIl), pyridoxine-Mn(lll) and pyri-
doxine-Mn(IV) systems, respectively. Preliminary studies showed that KMnQO, solution, for
example, could react with pyridoxine in the presence of sulphuric acid medium to produce
CL emission.

Figure 4.56 compares typical CL emission time course and the rate of MnO4 absorbance for
the oxidation reaction between 0.005M MnQO,; and 0.01M pyridoxine. Stopped-flow results
revealed that pyridoxine in sulphuric acid medium was rapidly oxidized by MnO,4 and pro-
duced a considerable CL emission for developing suitable analytical CL-procedures.
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Figure 4.56 Plot comparing CL time course versus absorbance time course for MnO, oxida-
tion reaction of pyridoxine. Experimental conditions: [CgH1:NO3] = 0.01M, [MnO,4] =
0.005M, Temperature = 25°C, [H,5S0,4] = 2M, Wavelength = 525 nm; HT (Fluorescence chan-
nel): 800V.

These results also accords with our earlier observations, which showed that there is a con-
nection between chemiluminescence curve and the reaction rate, suggesting that the ob-
served chemiluminescence emission is the direct result of pyridoxine oxidation.
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4.8.1.1 Effect of manganese(ll)

In relatively weak CL system, it is possible to obtain a high sensitivity in increasing the chemi-
luminescence signal by introducing manganese salt in the reaction mixture.

Thus, based on these enhancement effects, Mn(ll) has been extensively used in the CL analy-
sis of a variety of compounds’. However, the evidence for this mechanism of the enhance-
ment is still inconclusive’.

In our working hypothesis, it has been suggested that the added Mn(ll) salt autocatalysis the
reaction in reacting with permanganate to generate Mn(lll) intermediate, which is responsi-
ble for excited manganese(ll) species that emit light. The proposed hypothesis was tested by
predicting the effects of Mn(ll) during the pyridoxine oxidation reaction — if the added Mn(ll)
reacts with permanganate to generate more Mn(lll) that is responsible for the chemilumi-
nescence emission, it should be observed an increase in the reaction rate and an enhance-
ment of the observed chemiluminescence signal intensity.

A set of experiments has been carried out to evaluate the effect of adding manganese(ll) salt
on the kinetics of the pyridoxine chemiluminescence reaction. The effects of manganese(ll)
concentration were examined by increasing Mn(ll) concentration over the range 0.0001 to
0.2M and in the presence of 0.005M KMnO,, 0.001M pyridoxine and 2M H,S0,4 at 25°C. The
results obtained are presented in Figure 4.57.
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Figure 4.57 Effect of Mn(ll) concentrations on the kinetic curves of the CL signal. Experi-
mental conditions: [CgH1:NOz] = 0.001M, [MnO,4] = 0.005M, [Mn(Il)] = 0.0, 0.0001, 0.001,
0.1 and 0.2M; Temperature = 25°C, [H,5S04] = 2M, Wavelength = 525 nm; HT (Fluorescence
channel): 800V.
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As it can be seen in Figure 4.57, the test for the working hypothesis was successful, as it
found that, under experimental conditions, the intensity of the CL signal gradually increased
as Mn(ll) concentration increased up to 0.001M, and then sharply increased from 0.1M.
Mn(ll) provided a 10 fold increase compared to chemiluminescence response from the reac-
tion without Mn(ll).

4.8.1.2 Effect of formaldehyde

It has been previously demonstrated that the presence of formaldehyde increases the CL

response from oxidation reaction of many analytes with acidic MnQ, /- % 110 125, 126, 145-147,

464,319 1t is therefore possible to test our working hypothesis for the light-producing reac-
tion, by predicting the enhancement effect of formaldehyde on the CL signal intensity gen-
erated during the oxidation reaction between pyridoxine and MnQO,. If the observed en-
hancement effects are a result of a chemical co-oxidation reaction of the added compound,
as suggested in our working hypothesis, then the addition of formaldehyde should lead to an

enhancement of the observed CL signal intensity.

To evaluate the effects of formaldehyde on the CL emission produced during the MnO,4 oxi-
dation of pyridoxine, a series of kinetic runs were carried out by increasing the formalde-
hyde concentration from 0.1 — 1.0 moldm™ at constant concentrations of 0.005 M KMnOQOy,,
0.001 M tetracycline, 2.0 M H,SO4 and at 25°C. The results are presented in the Figure 4.58.
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Figure 4.58 Effect of formaldehyde concentration on the kinetics of CL response versus
time profile and absorbance time course. Experimental conditions: [HCHO] =0.1; 0.25; 0.5;
0.75 and 1.0M, [MnO,] = 0.005M, [CsH1:NO3] = 0.001M, Temperature = 25°C, [H,SO,] =2M
and HT (Fluorescence channel): 800V.
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It was found that the addition of formaldehyde lead to an enhancement of the CL signal in-
tensity, suggesting a co-oxidation of formaldehyde to generate Mn(lll) intermediate respon-
sible for the CL emission - as the initial formaldehyde concentration increased, the CL maxi-
mum signal increased sharply in the concentration range 0.10 — 0.75 moldm™.

The results of this investigation show a good correlation between the chemiluminescence
signal intensity and the initial concentrations of formaldehyde. The plot of the chemilumi-
nescence intensity as a function of the initial formaldehyde concentration (Graph not given)
was linear with a correlation coefficient R=0.998.

These findings again confirm our working hypothesis as it confirms the involvement of for-
maldehyde in the light-producing pathway, according to which formaldehyde participates in
the co-oxidation with pyridoxine generate more Mn(lll) intermediate that is responsible for
the excited manganese(ll) species(Mn(l1)*) that emits light.

4.8.2 Manganese(lll) oxidation of pyridoxine

Our working hypothesis suggests that Mn(lll) intermediate is responsible for the CL emis-
sion, as it react rapidly with organic substrate or organic intermediates to form excited man-
ganese(ll) species(Mn(l1)*) that emits light. It was therefore essential to test our working hy-
pothesis by examining the oxidation of pyridoxine by Mn(lll), with a focus on characterizing
the light-producing pathway, the kinetics of the CL emission and the reaction rate.

If a chemical oxidation reaction between Mn(lll) and pyridoxine occurs and as it leads to ex-
cited Mn(ll) species, it should be observed a chemiluminescence emission arises from the
reaction and this will confirm the hypothesis for light-producing mechanism.

Stopped-flow experiments revealed that the oxidation of pyridoxine in sulphuric acid medi-
um by Mn(lll) illicited intense chemiluminescence. The kinetic curves of the intensity of the
CL for four different concentrations of permanganate are given in Figure 4.59.

The test for the hypothesis was successful, as the results showed that the reaction between
Mn(Ill) and pyridoxine was not only accompanied of chemiluminescence emission, but the
increase in pyridoxine concentration lead to both an enhancement of the chemilumines-
cence signal intensity and an increase in the reaction rate (inset of Figure 4.59).
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Figure 4.59 Plot of CL time course for Mn(lll) oxidation reaction of pyridoxine. Experi-
mental conditions: [CsH1:NOs] = 0.0005, 0.001, 0.005 and 0.01M [Mn(lll)] =0.05M, Tem-
perature = 25°C, [H,S04] = 2M, Wavelength = 500 nm; HT (Fluorescence channel): 800V.

4.8.3 Manganese(lV) oxidation of pyridoxine

Our working hypothesis also suggests that manganese(lV) is in rapid equilibrium with Mn(lll)
intermediate that is responsible for forming excited manganese(ll) species that are respon-

sible for the chemiluminescence emission.

To test the light-producing pathway proposed, the kinetics of CL reaction of pyridoxine with
manganese(IV) was examined using a stopped-flow instrument at room temperature.

If the oxidation reaction of pyridoxine with manganese(IV) generates more Mn(lll) interme-
diate, it should be observed more CL emission as pyridoxine concentration increases.

The chemiluminescence profiles obtained by varying the pyridoxine concentration in the
range 0.0001 — 0.01M are presented in Figure 4.60. The experimental results demonstrated
that as the concentration of pyridoxine increased, the CL signal intensity increased.

Again these results support our working hypothesis that manganese(lV) intermediate spe-
cies react rapidly to generate manganese(lll) that produces excited manganese(ll) species
responsible for the chemiluminescence emission in the course of permanganate oxidation of
pyridoxine in sulphuric acid medium.
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Figure 4.60 Plot of chemiluminescence time course for Mn(IV) oxidation reaction of pyri-
doxine. Experimental conditions: [CgH;;NOs] = 0.0001, 0.001, 0.005 and 0.01M [Mn(IV)] =
0.01M, Temperature = 25°C, [H,S04] = 2M, Wavelength = 400 nm; HT (Fluorescence chan-
nel): 800V.

4.9 Summary

The stopped-flow experiments, involving simultaneous recording of absorbance and emis-
sion, reported in this chapter for the first time have confirmed that it is the rate of reaction
which determines the profile of the chemiluminescent emission. Most reported analytical
methods relate analyte concentration to the maximum observed emission on oxidation of
the analyte carried out in a flow system. Under these conditions, even when the concentra-
tion of analyte does not limit the total emission, the increase in concentration will increase
the rate giving a proportionality, often direct, between analyte concentration and peak
height.

The results are also consistent with the hypothesis presented at the start of the chapter that
enhancement is a kinetic effect and that, for oxidations by manganese species, reagents
which increase the rate of formation of Mn®', increase the rate of formation of the chemi-
luminescence.

Other species, such as glyoxal, gallic acid and pyrogallol also show enhancement and this has
again been shown to be due to an increase the rate of formation of Mn>* which can then re-
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act with the analyte. These enhancers do themselves react with Mn**, which means that in
an analytical method the background response will increase.

Mn?* reacts with permanganate to form Mn** and thus increases the rate of formation of
chemiluminescence and aqueous formaldehyde reduces permanganate to Mn>" without
forming Mn?* and thus also increases the rate of formation of chemiluminescence.

With some more complex molecules such as metronidazole and tetracycline, the interpreta-
tion is not so simple.

These molecules are not or at least very slowly oxidised by Mn**. It is possible that a two
electron oxidant such as MnQ, is required and that the subsequent chemiluminescence
arises from an intermediate oxidation product which then reacts with Mn>*.

Having demonstrated the essential features of the mechanism, an attempt was next made
to model the reactions in the hope that this will enable predictions to be made. The model-
ling is discussed in the next chapter.
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Chapter 5
Modelling and Mechanism for Manganese Chemiluminescence Reactions

5.1 Introduction

It has been demonstrated in the preceding chapter that the chemiluminescence emission is
a product of manganese oxidation processes and kinetics dependent. The core aim of this
work is to produce a kinetic model for the chemiluminescent reactions which can then be
used to predict chemiluminescence and hence used to design new analytical methods.

However, the chemistry of manganese oxidations is complex. It is well known that perman-
ganate oxidation of organic compounds is necessarily a multistage process where the proba-
bly stepwise oxidation of organic compounds involves an overall 5-electron transition
(MnO4 > I\/In2+) in acid solution. Other manganese ions of intermediate oxidation states
have also been observed including Mn(IV) and Mn(lll). No simple mechanism has been re-
ported in the literature. These mechanisms of manganese oxidation reactions have been

covered by a number of published reviews>?% 33% 80581,

The most comprehensive study of the effect on the kinetics of different reductants with
permanganate was probably by Waters and co-workers.**? It is our view that although publi-
cation of kinetic studies of manganese oxidations has continued, none of more recent pa-
pers has added much novelty to this. This includes models involving 14 or more steps, which
are still unsatisfactory58°.

No previous kinetic study has included fitting observed chemiluminescence in the model but
it was recognised that given the established complexity of the kinetics that only either an
approximate model or one of somewhat limited applicability would be possible. Thus, in this
work, we have not attempted to establish a full mechanism but rather we have looked for
the simplest mechanism which would enable us to predict CL approximately.

As previously mentioned, the approach was that experiments were carried out under pseu-
do-first order conditions with respect to organic substrate in the hope that oxidation, in each
step, is predominantly of original organic species. This does assume, however, that any initial
intermediate oxidation products do not react substantially faster than the original com-
pound. Since manganese(VI) and manganese(V) are highly unstable in acid medium and thus
very difficult to monitor, they were not included in the mechanism. The same applies to
manganese(lV) except where conditions under which it was stabilised have been used.

As for manganese-based chemiluminescence process, it is previously established® that it is
the same CL emission that arises from MnO4, MnO, and Mn>*oxidations reactions of organic
species. The simplest explanation is that manganese-based CL emission is from the Mn>* re-
duction to Mn?", although there are at least two other possible explanations.
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If CL emission is from Mn** = (Mn?*)"> Mn**pathway, then the second emission step will
either be very fast (rate in the range 10°-10% s™) if there is no change in electron spin like
fluorescence or if there is electron spin rearrangement like phosphorescence, then the rate
will slower in the range 1-10° s. The former is much more likely with both ions being high
spin. Since Mn* isin a rapid equilibrium with disproportionation products MnO, and Mn?",
there is also the possibility that MnO, is involved in the chemiluminescence step but this
would not affect the predictions based on our model.

A third possibility is that in the oxidation reaction, an excited CO, product is produced which
transfers its excess energy to a manganese species that then emits light. This is difficult ei-
ther to prove or eliminate as the ultimate product of these oxidations will be CO, gas. The
simplest mechanism is then as follows, where the CL arises from the second step:

MnO ky Mn3+ (Equation 5.1)
4

Mn3+ Ky |\/|n2+ (Equation 5.2)
- 2+ k 3+

MnO, +4Mn ——23 5 5Mn (Equation 5.3)

It was postulated in the preceding chapter a working hypothesis, which describes the pro-
posed mechanism of “enhanced” chemiluminescence of organic species in manganese sys-
tems as a kinetic effect. It was suggested that the mechanism of the chemiluminescence en-
hancement observed in the presence of a catalyst (Mn(ll)) or second reactant (e.g. formal-
dehyde) arises by virtue of additional chemical reactions of these additives with MnQy. In
the former case, producing Mn*>* more rapidly by reaction 5.3 and in the latter case produc-
ing it more rapidly by parallel reaction 5.1. However, no quantitative data for this mecha-
nism of this chemiluminescence enhancement were given.

Very few studies are available that provide mechanistic information on manganese CL oxida-
tion reactions with various organic compounds. Karavaev et al.393, for example, demonstrat-
ed that the chemiluminescence emission was a result of the chemical reduction of manga-
nese(lll), and postulated that the emitter was electronically excited manganese(ll).

However, these studies were focused mainly on the chemiluminescence emitting species
and the lack of detailed kinetic data on the wide range of organic compounds is an impedi-
ment to expanded application of this manganese analytical technology. The meaning for this
is that the mechanism such as of “enhanced chemiluminescence” of organic species in man-
ganese systems is not fully characterized.

In this chapter the fit of the kinetic model to the experimental data and its ability to predict
the CL of different reactions are evaluated. The kinetic model will allow us to determine
whether the manganese CL emission is predictable for a range of organic analytes and the
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systems function according to the proposed mechanism. We report here the kinetic fit to
the model, mostly with glyoxal and glyoxylic acid systems.

We have not coupled this information with the flow dynamics of a flow injection analysis
(FIA) system to describe the analytical response of these systems for the analysis of these
organic compounds in a range of samples, although this should be relatively simple.

5.2 Modelling Permanganate Chemiluminescence System

82 Model simulations

We have used the software Berkeley Madonna v8.3.18 for Windows
were run from rate equations with a time step of 20 ms and using the Runge-Kutta method
for numerical integration. The experimental data were fitted by changing the three kinetic
rate constants either by minimising the root mean square differences of the permanganate
concentration or both the permanganate concentration and the CL. A scaling factor for CL

intensity was also used since the intensity values are relative rather than absolute.

The kinetic model, as defined by Equations 5.1 to 5.3, was entered into the software for
simulation with typical values of ki, k, and ks, to give an output such as that depicted in Fig-
ure 5.1. The rate constants k; and k, are pseudo first order as the organic reductant is in
large excess and the value for ks is assumed to be simple bimolecular. (Other orders were
considered but did not improve the fits to experimental data.) The concentration of MnQ,  is
proportional to the absorbance shown on the left ordinate axis. The concentrations of the
other Mn species are shown relative to this, the line at the top of this plot confirming that
the total concentration of Mn species is constant as expected. Chemiluminescence output is
a separate arbitrary scale shown as the right hand ordinate axis.The shape of the MnO,4 con-
centration curve is typical of an autocatalytic reaction such as this and the proposed the step
mechanism is the simplest that can be proposed for such observed kinetics. Involving three
manganese species (MnOy, Mn** and I\/In2+) the intermediate Mn®" could be replaced by
MnO,, but would still give similar results and would be less compatible with chemical
knowledge of these oxidations under acid conditions. The relative concentrations of Mn**
and Mn?* are shown but as these have much lower extinction coefficients than MnOQO,, it was
not possible to observe these experimentally in the case of the MnO4 reactions. If the CL
arises from an excited Mn** species, then as explained above, since the decay is likely to be
faster than the formation, then the CL signal will be proportional to the rate of reaction of
Mn**, which is in turn proportional to the [Mn>*]. The accuracy of this kinetic model for pre-
dicting permanganate CL systems was tested and validated by comparing the model predic-
tion with the experimental data for two representative cases of permanganate oxidation CL
systems, in which glyoxylic acid and glyoxal are the main organic reductants in the absence
or in the presence of additives such as catalyst manganese(ll) or reactant enhancer formal-
dehyde. The comparison was carried out by fitting the experimental data for permanganate
absorbance and comparing the CL profile with the CL experimental data. The obtained re-
sults are shown in Figures 5.2 = 5.7.
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Figure 5.1 Simulation run of proposed kinetic models for permanganate CL oxidations
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Figure 5.2 Comparison of kinetic model predictions (line curves) and experimental data
(circle curves) - CL and absorbance time courses for MnO, oxidation reaction of glyoxylic
Acid. Reaction experimental conditions: [OCHCO,H] = 0.1M; [MnO,4] = 0.005 M; [H,S04] =
2M; Temperature = 25° C; Wavelength = 525 nm
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Figure 5.3 Comparison of kinetic model predictions (line curves) and experimental data
(circle curves) - CL and absorbance time courses for KMnO, oxidation reaction of glyoxal.
Reaction experimental conditions: [OCHCHO] = 0.2M; [MnO;] = 0.005 M; [H,SO4] = 2M;
Temperature = 25° C; Wavelength = 525 nm.

In both Figures 5.2 and 5.3, the disappearance of MnO, (it has got a strong absorbance and
is easy to measure) follows a sigmoidal curve typical of an autocatalytic reaction, and a good
fit to the sigmoidal decay of permanganate is observed. This confirms that the reaction is
autocatalytic fitted by the general mechanism:

A kl% B (Equation 5.4)

B %kZ C+hVv (Equation 5.5)
k3 B

A+C > (Equation 5.6)

For the chemiluminescence it can be noted that predicted CL profiles are of the observed
shape, although the maxima differ by about one second. This provides reasonable support
for our model, in which the CL producing step is:

kz very fast

B C+hV (Equation 5.7)

It has been observed that formaldehyde does not react with manganese(lll) at an apprecia-
ble rate, therefore, the reaction goes no further than this species, and no induction period is
observed in the kinetics.
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This implies that B in the general mechanism, represents Mn>" and hence C is Mn?®*, which
confirms the chemical kinetic model as suggested by equations 5.1 —5.3.

Identifying a mechanism for permanganate oxidations has long provided a challenge. One of
the most studied reactions is that of oxalate with MnO, . This is a slow reaction, used in
gualitative analysis for many years, for which there can only be very few intermediate organ-
ic products before CO,.

C,0.>° > 2C0, +2¢€ (Equation 5.8)

Micheau and co-workers have suggested a fourteen step mechanism®¥, but under other

conditions, this has been shown not to be valid>®

. The difficulty in kinetics modelling is the
complexity of the system along with the limited number of measurements which could be

made (usually absorbance) and the difficulty of monitoring organic species.
5.2.1 Rate constants dependence on glyoxal and glyoxylic acid concentrations

In preceding chapter, it was established that both the intensity of the CL signal and the rate
of some of the reactions increased as the glyoxal, glyoxylic acid or MnO,4 concentration in-
creased. In the proposed mechanism, k; and k, are pseudo first order rate constants and the
observed constants should be dependent upon the concentration of organic reductant.

The third proposed step does not involve the reductant and thus this rate constant is pre-
dicted to be independent of reductant concentration. To test these predictions, experiments
were conducted in which the MnO, concentration for each trial was held constant while the
initial organic reductant concentration was varied.

Glyoxal and glyoxylic acid concentrations were chosen to allow the reactions to proceed
within a reasonable time frame and produce a measurable CL signal.

The first set of experiments was conducted with an initial permanganate concentration of
0.005M and the initial glyoxal concentration was varied between 0.05 and 0.8M.

The observed reaction rate constants were determined from the kinetic model. Reaction
conditions and estimated rate constants are given in Table 5.1 and plots of rate constants
versus glyoxal concentration are shown in Figure 5.4.
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Table 5.1 Experimental reaction conditions for permanganate oxidation of
glyoxal and estimated reaction rate constants.

Non-variables conditions | Variables factors: ki(s™) ky (s) ks (s™)
of the reaction [OCHCHO]/(M)

[KMnO4] = 0.005M; 0.05 0.012 4.80 0.95
T° = 25°C; [H,S04]=2M

[KMnO4] = 0.005M; 0.10 0.019 8.40 2.00
T° = 25°C; [H,S0,]=2M

[KMnO4] = 0.005M; 0.20 0.031 14.6 4.20
T° = 25°C; [H,S04]=2M

[KMnO4] = 0.005M; 0.40 0.055 21.7 8.30
T° = 25°C; [H,S0,]=2M

[KMnO4] = 0.005M; 0.80 0.086 34.3 14.0
T° = 25°C; [H,S0,]=2M

To estimate the order of the dependence of the pseudo first order rate constants upon gly-
oxal concentration, the rate constants from the model were plotted versus concentration of
glyoxal as a log-log plot in Figure 5.4. If a pseudo first order rate constant, k; = k{[OCHCHO]",
then the plot of log(k;) versus log([OCHCHO]) will have a slope of n. The proposed model
predicts that the order for k; and k, will be one and for ks will be zero.
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Figure 5.4 Plots and fittings showing the dependence of reaction rate constants (k; k, ks)
on [OCHCHO]. Reaction conditions: [KMnO,4] = 0.005M; Temperature = 25°C; [H,S04]=2M;
[OCHCHO]= 0.05 - 0.8M.

As it can be seen from the Table 5.1 above, all three rate constants k;, k,, and ks from the
proposed mechanism based on a fit to the absorbance of MnQ, increased with increase in
the glyoxal concentration. The slopes of the log-log plots give the order in glyoxal concentra-
tion. The values 0.72 and 0.70 are in reasonable agreement with that of 1.0 predicted for a
second order reaction under pseudo first order conditions.
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MnOs +xsR > Mn**  (Rate = ki1[MnO4][R] = ki [MnO4])
M3*+ xsR > Mn?* ((Rate = ko[Mn**][R] = ko[Mn>*])
4Mn**+ MnO4 > 5Mn*"

The dependence of the last reaction upon concentration of reductant (R) is a surprise, as the
equation given does not include R. This dependence is close to unity at 0.98. This is clearly a
complex reaction involving as it does a four electron change for permanganate. In the mod-
el, it has been assumed that the rate determining step is second order (i.e. rate =
k3[|\/In2+][MnO4']). The introduction of a variable order term did not significantly change the
fit and was not pursued. The dependence upon R concentration could imply that the reac-
tion does not involve permanganate directly but a reduced species, even MnO, which is
known to be in a reversible equilibrium with Mn?* to form Mn**.

The observed fractional-order dependence on glyoxal concentration for k; and k», could be
due to measurement uncertainty, an incorrect overall mechanism or additional reaction with
a partially oxidised species, which reacts more rapidly than glyoxal itself.

In the last case, as glyoxal concentration increases, the proportion of this intermediate will
decrease so the increase in the reaction rate will be less than first order as observed.

In the second set of experiments, the initial permanganate concentration was held constant
at 0.005M and the initial glyoxylic acid concentration was varied between 0.005 and 0.8M.
The initial reaction rate constants were determined from the kinetic model as shown in Fig-
ure 5.2. Reaction conditions and estimated rate constants are given in Table 5.2 and plots of
log (rate constant) versus log (glyoxal concentration) are shown in Figure 5.5.

Table 5.2 Experimental reaction conditions for permanganate oxidation of
glyoxylic acid and estimated reaction rate constants.

Non-variables conditions |  Variables factors: ki(s™) ks (s) ks (s™)
of the reaction [OCHCO,H]/(M)

[KMnO4] = 0.005M; 0.05 0.0040 1.72 1.48
T° = 25°C; [H,S04]=2M

[KMnO4] = 0.005M; 0.10 0.0072 2.15 1.67
T° = 25°C; [H,S04]=2M

[KMnO4] = 0.005M; 0.20 0.013 2.53 1.95
T° = 25°C; [H,S04]=2M

[KMnO4] = 0.005M; 0.40 0.025 2.60 2.51
T° = 25°C; [H,S04]=2M

[KMnO4] = 0.005M; 0.80 0.050 2.37 3.36
T° = 25°C; [H,S04]=2M
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To graphically illustrate the obtained results presented in table 5.2 above, the experimental
data of ky, k, ks of the reactions monitored by visible absorbance were plotted versus glyox-
ylic acid concentration, again as log-log plots.
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Figure 5.5 Plots and fittings showing the dependence of reaction rate constants (kj, k;, ks)
on [glyoxylic acid]. Reaction conditions: [KMnO,] = 0.005M; Temperature = 25°C; [H,S0,4] =
2M; [OCHCO,H]=0.05 - 0.8M.

These results are less clear cut than those for glyoxal. The dependence of k; upon reductant
concentration is 0.91, fitting well with the proposed mechanism. The observed rate constant
k,, increases only at the lowest concentrations and the dependence upon reductant for ks is
0.30.

It is difficult to draw any definite conclusion from these results, although they do imply that
the mechanism is more complicated than that proposed and the difference between the two
reductants might suggest that the reductant itself has a more significant role that has been
assumed.

5.2.2 Rate constants dependence on formaldehyde concentration

In the preceding chapter, it was demonstrated that the addition of a reactant additive such
as formaldehyde in the reaction mixture increased the reaction rate and enhanced chemi-
luminescence emission.

However, the reaction between formaldehyde and permanganate does not exhibit chemi-
luminescence. This is because the second reaction in the proposed kinetic model either does
not occur or is very slow (k, very small) but does enhance CL emission signal as the concen-
tration of Mn>* increases through the first reaction.

MnOy + xsR > Mn** (k1)
Mn®*+ xsR > Mn?* (ka)
Mn?*+ MnO4 > 5Mn** (ks)
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Therefore, it is expected that the addition of formaldehyde will show simple pseudo first or-
der decay with no induction.

Combining rate constants obtained from glyoxal or glyoxylic acid and formaldehyde oxida-
tions should give a good fit with observed rates from the mixture of reductants. Although
there are complications due to the fact MnO,4 is measured at 525nm while Mn3* has Ay at
500nm (although € much lower), build-up of Mn>* with formaldehyde means the absorbance
of Mn®" is significant.

Figures 5.6 and 5.7 show the comparison of numerical computations with the experimental
data obtained from acidic permanganate oxidation of glyoxal and glyoxylic acid in the pres-
ence of formaldehyde as an enhancer using the proposed chemical kinetic model that ac-
counts the reaction between formaldehyde and permanganate by adding the individual rate
constants together .
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STOPTIME =5
DT =0.001

#AbsExperimentD950
#CLExperiment0961
MnC4Model: 1
Mn2Model 1
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DTCUT =0

MnO4Model = 1.2554
Mn3Model =0 -1
Mn2Model = i
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e
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=
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Figure 5.6 Comparison of kinetic model predictions (line curves) and experimental data
(circle curves) - Chemiluminescence and Absorbance time courses for KMnO, oxidation re-
action of glyoxylic acid in the presence of formaldehyde. Reaction experimental condi-
tions: [HCHO] = 0.8M; [OCHCO,H]= 0.1M; [KMnO4] = 0.005 M; [H,SO4] = 2M; Temperature
= 25°C; Wavelength = 525 nm.
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Figure 5.7 Comparison of kinetic model predictions (line curves) and experimental data
(circle curves) - CL and absorbance time courses for KMnO, oxidation reaction of glyoxal in
the presence of formaldehyde as enhancer. Reaction experimental conditions: [HCHO] =
0.8M; [OCHCHO] = 0.1M; [KMnO,4] = 0.005 M; [H,SO.] = 2M; Temperature = 25° C; Wave-
length = 525 nm.

As expected, the addition of formaldehyde as enhancer increased the reaction rate and the
CL response, and both predicted profiles for permanganate consumption and chemilumines-
cence emission agreed very well with measured profiles. This represents a significant ad-
vance in the understanding of the mechanism of the CL enhancement for permanganate ox-
idation.

Table 5.3 below compares the predicted rate k; obtained from the sum of k; from perman-
ganate oxidation of formaldehyde and glyoxal, respectively, with the experimental rate k;
from the mixture of formaldehyde and glyoxal.
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Table 5.3 Comparison of predicted rate k, with the mixture experimental rate k,
for permanganate oxidation of glyoxal with and without formaldehyde.

Reaction Conditions ki (s
0.005M KMnQO4 and 0.1M Formaldehyde only 0.043
0.005M KMnO4 and 0.1M glyoxal only 0.019
Predicted k; (0.043 + 0.019) 0.062
Experimental k; for 0.005M KMnQO,4 and 0.1M Formaldehyde and0.1M glyoxal 0.061
0.005M KMnQO4 and 0.2M Formaldehyde only 0.080
0.005M KMnO4 and 0.1M glyoxal only 0.019
Predicted k; (0.080 + 0.019) 0.099
Experimental k; for 0.005M KMnQO,4 and 0.2M Formaldehyde and0.1M glyoxal 0.095
0.005M KMnQO4 and 0.4M Formaldehyde only 0.149
0.005M KMnO4 and 0.1M glyoxal only 0.019
Predicted k; (0.149 + 0.019) 0.168
Experimental k; for 0.005M KMnQO,4 and 0.4M Formaldehyde and0.1M glyoxal 0.166
0.005M KMnO4 and 0.8M Formaldehyde only 0.284
0.005M KMnO4 and 0.1M glyoxal only 0.019
Predicted k; (0.284 + 0.019) 0.303
Experimental k; for 0.005M KMnQO,4and 0.8M Formaldehyde and0.1M glyoxal 0.270
0.005M KMnO,4 and 1.6M Formaldehyde only 0.552
0.005M KMnO4 and 0.1M glyoxal only 0.019
Predicted k; (0.552 + 0.019) 0.571
Experimental k; for 0.005M KMnO, and 1.6M Formaldehyde and0.1M glyoxal 0.553

It can be seen from Table 5.3 that the sum of k; values for reactions 0.0056M KMnQO,4 and
0.1M formaldehyde only and with 0.1M glyoxal only is the same as for the permanganate
oxidation of their mixture. The predicted rate is as expected equal to that expected from a
mixture of the experimental rates (k; = 0.061 s compared with k; = 0.062 s™).

A similar experiment was carried out for permanganate oxidation of glyoxylic acid with and
without formaldehyde and the obtained results are summarized in Table 5.4.
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Table 5.4 Comparison of predicted rate k; with the mixture experimental rate k,
for permanganate oxidation of glyoxylic acid with and without formaldehyde.

Reaction Conditions ke (s™)
0.005M KMnQO4 and 0.1M Formaldehyde only 0.0430
0.005M KMnO4 and 0.1M glyoxylic acid only 0.0072
Predicted k; (0.043 + 0.0072) 0.0473
Experimental k; for 0.005M KMnQO,4 and 0.1M Formaldehyde and 0.1M glyoxylic acid 0.0486
0.005M KMnQO4 and 0.2M Formaldehyde only 0.080
0.005M KMnO4 and 0.1M glyoxylic acid only 0.0072
Predicted k; (0.080 + 0.0072) 0.0874
Experimental k; for 0.005M KMnQO,4 and 0.2M Formaldehyde and 0.1M glyoxylic acid 0.0920
0.005M KMnQO4 and 0.4M Formaldehyde only 0.149
0.005M KMnO4 and 0.1M glyoxylic acid only 0.0072
Predicted k; (0.149 + 0.0072) 0.156
Experimental k; for 0.005M KMnQO,4 and 0.4M Formaldehyde and 0.1M glyoxylic acid 0.158
0.005M KMnO4 and 0.8M Formaldehyde only 0.284
0.005M KMnO4 and 0.1M glyoxylic acid only 0.0072
Predicted k; (0.284 + 0.0072) 0.291
Experimental k; for 0.005M KMnQO,4 and 0.8M Formaldehyde and 0.1M glyoxylic acid 0.293
0.005M KMnO,4 and 1.6M Formaldehyde only 0.552
0.005M KMnO4 and 0.1M glyoxylic acid only 0.0072
Predicted k; (0.552 + 0.0072) 0.56

Experimental k; for 0.005M KMnO,4 and 1.6M Formaldehyde and 0.1M glyoxylic acid 0.51

This demonstrates the increase in the overall reaction with glyoxal or glyoxylic acid in the
presence of formaldehyde. It confirms that reaction with formaldehyde goes only as far as
Mn3*. It also confirms that although reaction of formaldehyde with MnQj  is slow, it is faster
than corresponding reaction (ki) with glyoxal. The faster reaction explains the increased CL
as normally measured in a flow system.

These results confirmed the early conclusion that there is a co-oxidation reaction (or com-
petitive oxidation) of formaldehyde and organic substrate that speeds up the consumption
of permanganate, thereby the reaction rate to generate transient manganese(lll) intermedi-
ate, which is suggested to be a precursor for the observed chemiluminescence process.

The proposed CL enhancement mechanism was studied further by varying the reaction con-
ditions for MnO, oxidations of the mixture of formaldehyde with glyoxal and glyoxylic acid,
respectively. Experiments were conducted in which the MnO, as well as glyoxal and glyox-
ylic acid concentrations for each trial were held constant while the initial formaldehyde con-
centration was varied.
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In this case we expect that the increase in rate constant over the underlying rate constant

should be directly proportional to the formaldehyde concentration for k;. We expect to see

an increase in k; because the Mn3* concentration has increased and, in the mechanism as

written, no change in ka.

Table 5.5 Experimental reaction conditions for permanganate oxidation of gly-
oxal in the presence of formaldehyde and estimated reaction rate constants.

Non-variables con-
ditions of the reac-
tion

Variables factors
[HCHO] /( M)

Rate Constant

for Eq.

1

Rate Constant
for Eq. 2

Rate Constant for
Eq.3

ka(s™)

ka(s™)

0.019

ka (s) | ka(s™)

8.43

ks(s™)

2.03

ks (s™)

[OCHCHO] = 0.1M;
[KMnQO,4]=0.005M;
T° = 25°C;
[H2SO4]=2M

0.0

0.019

0.0

8.43 0.0

2.03 0.0

[OCHCHO] = 0.1M;
[KMnQO4]=0.005M;
T° = 25°C;
[H2S04]=2M

0.1

0.062

0.043

9.60 1.17

2.37 0.34

[OCHCHO] = 0.1M;
[KMnO4]=0.005M;
T° = 25°C;
[HSO4]=2M

0.2

0.095

0.076

104 1.97

2.26 0.23

[OCHCHO] = 0.1M;
[KMnO4]=0.005M;
T° = 25°C;
[HS04]=2M

0.4

0.166

0.147

13.8 5.37

2.20 0.17

[OCHCHO] = 0.1M;
[KMnO4]=0.005M;
T° = 25°C;
[HSO4]=2M

0.8

0.270

0.251

16.0 7.57

1.97 -0.06

[OCHCHO] = 0.1M;
[KMnO4]=0.005M;
T° = 25°C;
[H2SO4]=2M

1.6

0.462

0.443

226 | 14.17

1.81 -0.22

A series of experiments was conducted with initial permanganate concentration of 0.005M,

initial glyoxal concentration of 0.1M. The initial formaldehyde concentration was varied be-
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tween 0.1 and 1.6M. The reaction rate constants were determined from the kinetic model
with typical fit shown in Figure 5.7. Reaction conditions and estimated rate constants are
given in Table 5.5 and plots of rate constants versus glyoxal concentration are shown in Fig-
ure 5.10 above.

To graphically illustrate the obtained results presented in table 5.5 above, the experimental
data of ky, ky, ks of the reactions monitored by absorbance were plotted versus formalde-
hyde concentration.

10] loglk2-8.43) =091fformaldehyde]+0.99

08] r=0.990 "

_ o
0.6 -

— log[k3-2.03) = -0.47[formaldehyde]-0.094
r=-0.980

log[(k1-0.019);(k2-8.43);(k3-2.03)]

log[k1-0.019) = 0.85[formaldehyde]-0.52
r=0.9995

-16 T T T T T T T T T T T T T T
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log[formaldehyde]

Figure 5.8 Plots and fittings showing the dependence of reaction rate constants (k;, k, ks)
on [formaldehyde]. Reaction conditions: [HCHO] = 0.1-1.6M; Temperature = 25°C; [H,5S04]
= 2M; [OCHCHO] = 0.1M.

It can be seen that for the glyoxal — formaldehyde mixtures, the dependence of rate con-
stant (ki) upon formaldehyde has an order in formaldehyde concentration of 0.85 close to
the predicted unity for a rate which is the sum of two pseudo first order reactions.

The dependence of the observed rate constant (k,) for the second reaction is also close to
unity as the concentration of Mn** being dependent additionally upon the formaldehyde
concentration, increases with the latter. As expected the rate constant (ks) for the third re-
action shows no dependence on formaldehyde concentration.

Similar experiments were also carried out with Glyoxylic acid. The experiments was con-
ducted with initial MnO4 concentration of 0.005M, initial glyoxylic acid concentration of
0.1M and as before, the initial formaldehyde concentration was varied between 0.1 and
1.6M.The reaction rate constants were determined from the kinetic model with a typical fit
shown in Figure 5.6.

Reaction conditions and estimated rate constants are given in Table 5.6 and plots of rate
constants versus glyoxal concentration are shown in Figure 5.9
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Table 5.6 Experimental reaction conditions for MnO, oxidation of glyoxylic acid in the presence formaldehyde and
estimated rate constants.

Non-variables conditions of the reaction | Variables factors Rate Constant for Eq. 1 Rate Constant for Eq. 2 | Rate Constant for Eq. 3
[HCHO]/( M) ki(s?) | ka(s?)-0.0072 | ky(s?) |ka(s?)-2.15| ks(s?) | ks(s?)-1.67

[OCHCO,H] = 0.1M; [KMNn04]=0.005M; 0.0 0.0072 0.0 2.15 0.0 1.67 0.0

T° = 25°C; [H,S04]=2M

[OCHCO,H] = 0.1M; [KMn0O,4]=0.005M; 0.1 0.0486 0.0414 4.22 2.07 2.34 0.67

T° = 25°C; [H,S04]=2M

[OCHCO;,H] = 0.1M; [KMnQ4]=0.005M; 0.2 0.092 0.0848 4.96 2.81 2.87 1.2

T° = 25°C; [H,S04]=2M

[OCHCO,H] = 0.1M; [KMnO,4]=0.005M; 0.4 0.158 0.1508 6.32 4.17 2.94 1.27

T° = 25°C; [H,S04]=2M

[OCHCO;,H] = 0.1M; [KMnQ4]=0.005M; 0.8 0.293 0.2858 7.10 4.95 3.30 1.63

T° = 25°C; [H,S04]=2M

[OCHCO,H] = 0.1M; [KMnO,4]=0.005M; 1.6 0.510 0.5028 9.42 7.27 3.22 1.55

T° = 25°C; [H,S04]=2M
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To graphically illustrate the obtained results presented in table 5.6 above, the experimental

data of kq, ky, ks of the reactions monitored by absorbance were plotted versus formalde-

hyde concentration.
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Figure 5.9 Plots and fittings showing the dependence of reaction rate constants (k; k, ks)
on [HCHO]. Reaction conditions: [HCHO] = 0.1-1.6M; Temperature = 25°C; [H,S04] = 2M;
[OCHCO,H] = 0.1M.

Again, it can be seen that for the glyoxylic — formaldehyde mixtures the dependence of k;
[formaldehyde] has an order in formaldehyde concentration of 0.9 close to the predicted
unity for a rate which is the sum of two pseudo first order reactions. The dependence of the
observed rate constant (k) for the second reaction is 0.4 (as compared to 0.9 for glyoxal)
consistent again with the concentration of Mn>" being dependent additionally upon the
formaldehyde concentration, increasing with the latter. As expected the rate constant (ks)

for the third reaction shows no dependence on formaldehyde concentration.

5.2.3 Rate constants dependence on manganese(ll) concentration

The sigmoidal decay curve for permanganate concentration implies that the reaction is au-
tocatalytic and the proposed mechanism incorporates catalysis by the Mn?" product. It is
suggested that manganese(ll) reacts with permanganate to yield manganese(lll) as a transi-
ent intermediate product, which reacts with the organic substrate or/and organic interme-
diate products in the reaction mixture. Therefore, the equation (ks) in the proposed chemi-
cal model makes the reaction autocatalytic and predicts the suppression of the induction by
adding Mn?* in acidic permanganate oxidations.

MnO4 + xsR > Mn** (k1)
M>*+ xsR > Mn?* (k2)
Mn?*+ MnO, > 5Mn**  (ks)
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Given that the CL process is the reaction kinetics dependent and Mn>" is suggested to be the
precursor for the observed CL emission in MnO4 - based CL reactions, the addition of man-
ganese(ll) in the reaction mixture should increase the reaction rate of MnO, oxidations by
removing the induction period and subsequently increasing the intensity of the CL signal.

Therefore, if the proposed chemical model is correct, the addition of Mn®* should increase
the reaction rate of MnO, oxidations in predictable manner. There is a complication that the
scale is not MnO,4 concentration but MnO,4 absorbance. Thus in fitting, manganese (Il) is ex-
pressed as the absorbance of an equivalent concentration of MnO,'.

As it is reported in the literature for other MnO, oxidations, although initial Mn?* increases
the rate of reaction of permanganate, it does not remove the induction as predicted. For ex-
ample, although conditions are different, Treindl and co-workers®? have found that shape of
autocatalytic sigmoidal curve varies not only with Mn?* but also with pH and with phos-
phate.

Figures 5.10 and 5.11 show the change in MnO,4 concentration and CL for the permanganate
oxidation of glyoxylic acid and glyoxal CL systems in the presence of manganese(ll) ions.
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Figure 5.10 Experimental data (circle curves) - CL and Abs time courses for KMnO, oxida-
tion reaction of glyoxylic acid in the presence of manganese(ll). Fit shown ignores initial
Mn(ll). Reaction experimental conditions: [Mn(ll)] = 0.04M; [OCHCO,H] = 0.1M; [KMnO4] =
0.005 M; [H,S0,] = 2M; Temperature = 25° C; Wavelength = 525 nm.
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Figure 5.11 Experimental data (circle curves) - CL and Abs time courses for KMnO, oxida-
tion reaction of glyoxal in the presence of manganese(ll). Fit shown ignores initial Mn(ll).
Reaction experimental conditions: [Mn(ll)] = 0.04M; [OCHCHO] = 0.1M; [KMnO4] = 0.005
M; [H,S04] = 2M; Temperature = 25° C; Wavelength = 525 nm.

It is apparent from both Figures 5.10 and 5.11 that fit to the MnO4 consumption is better
than that to the CL profiles. The fit cannot be improved in this simple model and attempts to
add other steps whilst retaining the feedback equation (ks) do not change this.

Whilst Mn?* does increase the reaction rate, it does not remove the induction period as pre-
dicted by the model. Initial Mn?* increases the rate of reaction in proportion to its concen-
tration, but at a significantly lower rate than predicted. For every added Mn** concentration
studied (0.04 — 0.2M) an induction period remains at and a three step mechanism of the

form below is needed to fit the data.

A—>B (k1)
B>C (k2)
A+C—>B (k3)

It can be deduced that from dependence upon glyoxal and glyoxylic acid concentration, that
the induction involves the organic reductant. In addition, Mn?* may react not with MnO4 but
with another intermediate formed more slowly from MnO,. Dependence on Mn(ll) initial
concentration (0.04 — 0.2M) shows that rate (k3) does not increase as rapidly as expected
and crucially that the sigmoidal shape remains, which would not be expected if initial Mn** is

present at these concentrations relatively to MnO,4 at 0.005M.
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As for the induction period, it is known that Mn?* must be involved as not seen in formalde-
hyde reaction which goes to Mn*". It is also known that MnOy is involved because that is
what we are measuring. Therefore, it is not as simple as hypothesised equation (ks);

Mn?* + 4MnO, > 5Mn®*" (k)

This because the reaction rate did not increase as expected upon addition of Mn*" and the
unexpected rate dependent on organic substrate (R) concentration. A possible explanation
for the discrepancy between the model and the experimental data is that within reaction 3,
there is an additional kinetically important step such as the slow build-up of an intermedi-
ate. It has been observed that adding manganese(ll) does not suppress the induction period
as it would be predicted and the reaction rates are not correct either. This can be attributed
to the incorrect reaction mechanism or that the system is complicated by intermediate spe-
cies that could not be properly accounted for in the global CL MnO,4 oxidation reaction
model.

5.2.4 Complex (alternative) mechanism

The discrepancy between the model and the experimental data for the resulting CL profile
makes clear that considerable work remains to reconcile predictions with experimental
measurements. There must be a feedback mechanism which does not involve Mn?* directly.
Note that this is contrary to what is generally believed, according to current literature. If it is
not Mn?* then could it be Mn3*. Then the chemical kinetic model would be as follows;

MnO, = MnO, (ka)
MnO, > Mn*" (k2)
MnO, +Mn* > Mno, (ks)

It is also known that Mn?** speeds up the reaction, so this must be through pre-equilibrium
chemical reaction with MnO, as follows;

Mn%* + Mn0O, == Mn**

The reaction Mn** > Mn?" will occurs with most reductants but not formaldehyde. Howev-
er, the reaction with formaldehyde does not show feedback. We believe that this goes to
Mn** and the product spectrum does confirm this. Otherwise, an organic intermediate
would be involved in the induction but this will still have to be linked to manganese species.
Therefore, the revised mechanism is;

MnO4 +xsR 2> MnO, (k1)
MnO,+ xsR > Mn* (ka)
MnO, + 3Mn*" > 4MnO, (ks)
Mn® + xsR > Mn** (ka)
Mn®* + Mn0O, = Mn** (keg = ki/kp)
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The value of keq is a constant but only in absence of any other ligands. It is known from liter-
ature that many ligands (pyrophosphate is best known) stabilise Mn** and perhaps the ex-
cess of organic substrate (R) also does.

This revised mechanism has too many variables (rate constants k; k; ks, ks, ks and k) to real-
istically fit to just two kinetic curves. Fits at different concentrations of R should have k; k;
and ks with first order dependence and ks independent of R with keq = ki/k, possibly depend-
ent but in a consistent way.
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Figure 5.12 Comparison of kinetic model predictions (line curves) and experimental data
(circle curves) - CL and Abs time courses for KMnO, oxidation reaction of glyoxylic acid.
Reaction experimental conditions: [OCHCO,H] = 0.1M; [KMnO,4] = 0.005 M; [H,S04] = 2M;
Temperature = 25° C; Wavelength = 525 nm.

The accuracy of the revised kinetic model was tested and validated by comparing the model
prediction with the experimental data for two representative cases of permanganate oxida-
tion CL systems, in which glyoxylic acid and glyoxal are the main organic reductants in the
absence or in the presence of additives such as catalyst manganese(ll) or reactant enhancer
formaldehyde.

The comparison was carried out by only curve-fitting the data from unreacted permanga-
nate absorbance and then seeing how the CL predicted profile matched the CL experimental
data. The obtained results are shown in Figures 5.12 - 5.13.
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Figures 5.12 and 5.13 show the comparison of the experimentally measured data with the
computed ones using the revised kinetic model for CL oxidations of glyoxal and glyoxylic acid
with acidic permanganate.

For both cases, the disappearance of MnOy4 (as it has got a strong absorbance, and is easy to
measure) follows a sigmoidal curve typical of an autocatalytic reaction, and a good fit to the
sigmoidal decay of permanganate is observed. This confirms that the reaction can be fitted
by the revised mechanism.
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Figure 5.13 Comparison of kinetic model predictions (line curves) and experimental data
(circle curves) - CL and Abs time courses for KMnO, oxidation reaction of glyoxal. Reaction
experimental conditions: [OCHCHO] = 0.2M; [KMnO4] = 0.005 M; [H,SO,4] = 2M; Tempera-
ture = 25° C; Wavelength = 525 nm.

5.2.4.1 Rate Constant Dependence on Glyoxylic Acid Concentration

The accuracy of the revised mechanism above was again tested in varying the reaction con-
ditions for permanganate oxidation of glyoxylic acid. Experiments were conducted in which
the permanganate concentration for each trial was held constant while the initial glyoxylic
acid concentration was varied. Glyoxylic acid concentrations were chosen to allow the reac-
tions to proceed within a reasonable time frame and produce a measurable CL signal. The
set of experiments was conducted with an initial permanganate concentration of 0.005M.

The initial glyoxylic acid concentration was varied between 0.05 and 0.8M.The initial reac-
tion rate constants were determined from the kinetics model as shown in Figure 5.12. Reac-
tion conditions and estimated rate constants are given in Table 5.7 and plots of rate con-
stants versus glyoxylic acid concentration are shown in Figures 5.14 -5.17.
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Table 5.7 Experimental reaction conditions for permanganate oxidation of gly-

oxylic acid and estimated reaction rate constants.

Non-variables condi- | [OCHCO,H] | ki(s™) | ka(s™) | ka(s™) | ka(s™) | ke(s™) ko(s™)
tions of the reaction /(M)

[KMnO,] = 0.005M; 0.05 0.003 | 1.32 91.5 26.1 0.012 0.0031
T° = 25°C; [H,504]=2M 5

[KMnO,] = 0.005M; 0.10 0.006 | 1.60 180 | 4.73 | 5.0x10° | 0.0017
T° = 25°C; [H,S04]=2M 6

[KMnO,] = 0.005M; 0.20 0.012 | 1.90 10.7 2.60 | 2.0x10° | 0.0005
T° = 25°C; [H,S04]=2M

[KMnO,] = 0.005M; 0.40 0.023 | 1.91 23.6 5.70 0.0018 | 4.0x10°®
T° = 25°C; [H,504]=2M

[KMnO,] = 0.005M; 0.80 0.046 | 1.90 17.3 3.70 | 3.0x10™ | 0.026
T° = 25°C; [H,S04]=2M

To graphically illustrate the results presented in table 5.7, the estimated rate constants of

the reaction were plotted versus concentration as log-log plots in Figures 5.14 -5.17.
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Figure 5.14 Plots and fittings showing the dependence of k; on [OCHCO,H]. Reaction con-
ditions: [KMnO,4] = 0.005M; T° = 25°C; [H,S0,] =2M; [OCHCO,H] = 0.05 — 0.8M.

As expected, the kinetics of the reaction increased as the glyoxylic acid concentration in-

creased and good fits to MnO,4 decay were observed using the revised kinetic model.

It was expected that the rate constant k; show first order dependence on glyoxylic acid con-

centration (R) and ks independent of [glyoxylic acid]. As expected the plot of rate constant

(kq) versus glyoxylic acid concentration (Figure 5.14) produced a straight line dependence on
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glyoxylic acid concentration. The slope of the linear regression for k; is approximately one
indicating pseudo first order with respect to glyoxylic acid.
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Figure 5.15 Plots and fittings showing the dependence of k, on [OCHCO,H]. Reaction con-
ditions: [KMnO4] = 0.005M; Temperature = 25°C; [H,S04] =2M; [OCHCO,H] = 0.05 — 0.8M.

It was expected that the rate constant k, shows first order dependence on glyoxylic acid
concentration (R) and ks independent of glyoxylic acid concentration. As expected the plot of
rate constant (k,) versus glyoxylic acid concentration (Figure 5.15) produced a straight line
dependence on [glyoxylic acid] of 0.05 to 0.2M. Above this concentration k, become con-
stant possibly due to the reaction saturation.

However, the slope of the linear regression for k2 shows a fractional-order dependence on
glyoxylic acid concentration. A possible explanation is that the reaction k; involve a partially
oxidised species, which reacts more rapidly than glyoxylic acid. As glyoxylic acid concentra-
tion increases, the proportion of this intermediate will decrease so the increase in the reac-
tion rate will be less than first order as observed.
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Figure 5.16 Plots and fittings showing the dependence of k3 on [OCHCO,H]. Reaction con-
ditions: [KMnO,4] = 0.005M; Temperature = 25°C; [H,S04] =2M; [OCHCO,H] = 0.05 — 0.8M.
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The graph in Figure 5.16 represents the plotting of the rate constant (ks) versus glyoxylic acid
concentration. As predicted by the model, the plot of log(ks) versus log [glyoxylic acid] shows
no relationship between k3 and glyoxylic acid with a correlation coefficient of r = 0.260 and
slope of 0.096, indicating no dependence on the glyoxylic acid concentration.

The log-log plot (Figure 5.17) of the rate constant (ki) versus glyoxylic acid concentration
showed no dependence upon glyoxylic acid concentration having a slope of 0.01. This rather
contradictory result on the dependence of equation 4 on glyoxylic acid concentration could
be attributed to partially oxidised species, which reacts more rapidly than glyoxylic acid. Da-
ta from the table 5.7 also show that keq = ki/ky is not dependent upon [glyoxylic acid].
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Figure 5.17 Plots and fittings showing the dependence of k; on [OCHCO,H]. Reaction con-
ditions: [KMnO4] = 0.005M; Temperature = 25°C; [H,S04] =2M; [OCHCO,H] = 0.05 — 0.8M.

5.2.4.2 Rate Constants Dependence on Glyoxal Concentration

The second set of experiments, the effect of glyoxal concentration was investigated using
the reaction conditions in which the initial glyoxal concentration in large excess over MnQy,,
was varied in the range 0.05 to 0.8M and initial permanganate concentration was held con-
stant at 0.005M.

The initial reaction rate constants were determined from the kinetics model as shown in Fig-
ure 5.13. Reaction conditions and estimated rate constants are given in Table 5.8 and plots
of rate constants versus glyoxylic acid concentration are shown in Figures 5.18 -5.21.
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Table 5.8 Experimental reaction conditions for permanganate oxidation of

glyoxal and estimated reaction rate constants.

Non-variables condi-
tions of the reaction

[OCHCHO]
(M)

ka(s™)

ka (s)

ks (s™)

ka(s™)

ks (s™)

ko(s™)

[KMnO,] = 0.005M;
T°=25°C;
[H2504]=2M

0.05

0.011

2.51

3.64

1.10

9.82 x 10™

26.6 x10”

[KMNnO4] = 0.005M;
T°=25°C;
[H,SO4]=2M

0.10

0.019

4.80

7.20

2.0

27.7 x10°

1.9x10*

[KMnO,] = 0.005M;
T° = 25°C;
[H,S04]=2M

0.20

0.037

8.0

12.8

3.04

94.4 x 10

6.3x10°

[KMnO4] = 0.005M;
T° = 25°C;
[H2504]=2M

0.40

0.050

17.9

11.4

1.42

5.9x10*

1.6 x 107

[KMnO4] = 0.005M;
T°=25°C;
[H,SO4]=2M

0.80

0.67

28.1

29.8

7.23

2.1x103

1.7 x 103

To determine the dependence upon gloxal concentration, log-log plots of the estimated rate
constants of the reaction steps were plotted versus concentration as shown in Figures 5.18 -

5.21.
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Figure 5.18 Plots and fittings showing the dependence of the rate constant (k;) on
[OCHCHO]. Reaction conditions: [KMnO,] = 0.005M; T° = 25°C; [H,S0,4] =2M; [OCHCHO]

=0.05-0.8M.
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It was expected that the rate constant k; would show first order dependence on glyoxal con-
centration (R) and ks independent of glyoxal. The slope of the linear regression fit for ki is
approximately one indicating pseudo first order with respect to glyoxal.
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Figure 5.19 Plots and fittings showing the dependence of the rate constant (k;) on
[OCHCHO]. Reaction conditions: [KMnO,4] = 0.005M; T° = 25°C; [H,S0,] =2M; [OCHCHO]
=0.05 - 0.8M.

The log-log plot (Figure 5.19) of the rate constant (k,) versus glyoxal concentration gave a
slope of 0.9 consistent with pseudo first order with respect to glyoxal.
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Figure 5.20 Plots and fittings showing the dependence of k; on [OCHCHO]. Reaction condi-
tions: [KMnO,4] = 0.005M; Temperature = 25°C; [H,5S0,4] =2M; [OCHCHO] = 0.05 — 0.8M.

Contrary to prediction the log-log plot (Figure 5.20) of the rate constant (ks) versus glyoxal
concentration had a slope of 0.67, although the fit was not particularly good.
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This rather contradictory result on the dependence of equation 3 on glyoxal concentration
could be attributed to possible interference of glyoxal (R) within step 3. For example Mn?*
may react not with MnO,4 but with another intermediate formed more slowly from MnO,.
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Figure 5.21 Plots and fittings showing the dependence of k; on [OCHCHO]. Reaction condi-
tions: [KMnO,4] = 0.005M; Temperature = 25°C; [H,50,4] =2M; [OCHCHO]= 0.05 — 0.8M.

The graph in Figure 5.21 represents the log-log plot of the rate constant (ks) versus glyoxal
concentration. Accordingly to expectations, ks showed a good dependence upon glyoxal
concentration having a slope of 0.67, confirming pseudo first order with respect to glyoxal.
Data from the table 5.8 also show that keq = ki/ky is not dependent upon glyoxal concentra-
tion.

5.2.4.3 Rate Constants Dependence on Formaldehyde Concentration

It is expected that the addition of formaldehyde will show simple pseudo first order decay
with no induction. As with the simple mechanism, combining rate constants obtained from
glyoxal or glyoxylic acid and formaldehyde oxidations should give good fit with mixture.

Figures 5.22 and 5.23 show the comparison of numerical computations with the experi-
mental data obtained from acidic permanganate oxidation of glyoxal and glyoxylic acid in the
presence of formaldehyde as an enhancer using the revised chemical kinetic model that ac-
counts the reaction between formaldehyde and MnO, by adding the individual rate con-
stants together.

As expected, the addition of formaldehyde as enhancer increased the reaction rate and the
CL response, and both predicted profiles for permanganate consumption and chemilumines-
cence emission agreed with measured profiles. Table 5.9 below compare predicted rate k;
obtained from the sum of k; from permanganate oxidation of formaldehyde and glyoxal, re-
spectively, with the experimental rate k; from the mixture of formaldehyde and glyoxal.
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Figure 5.22 Comparison of kinetic model predictions (line curves) and experimental data
(circle curves) - CL and Abs time courses for MnO, oxidation reaction of glyoxylic acid in
the presence of formaldehyde. Reaction experimental conditions: [HCHO] = 0.8M; [OCH-
CO,H] = 0.1M; [MnO,4] = 0.005 M; [H,S04] = 2M; T° = 25° C; Wavelength = 525 nm.
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Figure 5.23 Comparison of kinetic model predictions (line curves) and experimental data
(circle curves) - CL and Abs time courses for MnO, oxidation reaction of glyoxal in the
presence of formaldehyde as enhancer. Reaction conditions: [HCHO] = 0.8M; [OCHCHO] =
0.1M; [MnO4] = 0.005 M; [H,SO,] = 2M; T° = 25° C; Wavelength = 525 nm.
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It can be seen from Table 5.9 that the sum of k; values for reactions 0.005M KMnO, and
0.1M Formaldehyde only and with 0.1M glyoxal only is the same as of the permanganate
oxidation of their mixture. The predicted rate is as expected equal to mixture experimental
rate (k; = 0.062 s compared with k; = 0.062 s™). Similar experiment was carried out for
permanganate oxidation of glyoxylic acid with and without formaldehyde and the obtained
results are summarized in Table 5.10.

This demonstrates the increase in the overall reaction with glyoxal or glyoxylic acid in the
presence of formaldehyde. It confirms that reaction with formaldehyde goes only as far as
Mn**. It also confirms that although reaction of formaldehyde with MnOQj is slow, it is faster
than corresponding reaction (k;) with glyoxal. The faster reaction explains the increase CL as
normally measured in a flow system.

Table 5.9 Comparison of predicted rate k; with the mixture experimental rate k,
for permanganate oxidation of glyoxal with and without formaldehyde.

Reaction Conditions ki (s
0.005M KMnQO4 and 0.1M Formaldehyde only 0.043
0.005M KMnO4 and 0.1M glyoxal only 0.019
Predicted k; (0.043 + 0.019) 0.062
Experimental k; for 0.005M KMnQO,4 and 0.1M Formaldehyde and0.1M glyoxal 0.062
0.005M KMnQO4 and 0.2M Formaldehyde only 0.080
0.005M KMnO4 and 0.1M glyoxal only 0.019
Predicted k; (0.080 + 0.019) 0.099
Experimental k; for 0.005M KMnQO,4and 0.2M Formaldehyde and0.1M glyoxal 0.113
0.005M KMnQO4 and 0.4M Formaldehyde only 0.149
0.005M KMnO4 and 0.1M glyoxal only 0.019
Predicted k; (0.149 + 0.019) 0.168
Experimental k; for 0.005M KMnQO,4 and 0.4M Formaldehyde and0.1M glyoxal 0.186
0.005M KMnQO4 and 0.8M Formaldehyde only 0.284
0.005M KMnO4 and 0.1M glyoxal only 0.019
Predicted k; (0.284 + 0.019) 0.303
Experimental k; for 0.005M KMnQO,4 and 0.8M Formaldehyde and0.1M glyoxal 0.290
0.005M KMnO4 and 1.6M Formaldehyde only 0.552
0.005M KMnO4 and 0.1M glyoxal only 0.019
Predicted k; (0.552 + 0.019) 0.571
Experimental k; for 0.005M KMnQO,and 1.6M Formaldehyde and0.1M glyoxal 0.520
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Table 5.10 Comparison of predicted rate k; with the mixture experimental rate
k, for permanganate oxidation of glyoxylic acid with and without formaldehyde.

Reaction Conditions ki (s
0.005M KMnQO4 and 0.1M Formaldehyde only 0.0430
0.005M KMnO4 and 0.1M glyoxylic acid only 0.0069
Predicted k; (0.043 + 0.0069) 0.0499
Experimental k; for 0.005M KMnQO,4 and 0.1M Formaldehyde and 0.1M glyoxylic acid 0.0483
0.005M KMnQO4 and 0.2M Formaldehyde only 0.080
0.005M KMnO4 and 0.1M glyoxylic acid only 0.0069
Predicted k; (0.080 + 0.0069) 0.0874
Experimental k; for 0.005M KMnQO,4 and 0.2M Formaldehyde and 0.1M glyoxylic acid 0.0869
0.005M KMnQO4 and 0.4M Formaldehyde only 0.149
0.005M KMnO4 and 0.1M glyoxylic acid only 0.0069
Predicted k; (0.149 + 0.0069) 0.156
Experimental k; for 0.005M KMnQO,4 and 0.4M Formaldehyde and 0.1M glyoxylic acid 0.157
0.005M KMnO4 and 0.8M Formaldehyde only 0.284
0.005M KMnO4 and 0.1M glyoxylic acid only 0.0069
Predicted k; (0.284 + 0.0069) 0.291
Experimental k; for 0.005M KMnQO,4 and 0.8M Formaldehyde and 0.1M glyoxylic acid 0.283
0.005M KMnO,4 and 1.6M Formaldehyde only 0.552
0.005M KMnO4 and 0.1M glyoxylic acid only 0.0069
Predicted k; (0.552 + 0.0069) 0.56

Experimental k; for 0.005M KMnO,4 and 1.6M Formaldehyde and 0.1M glyoxylic acid 0.495

These results confirmed the early conclusion that there is a co-oxidation reaction (or com-
petitive oxidation) of formaldehyde and the organic substrate that speeds up the consump-
tion of permanganate, thereby the reaction rate to generate transient manganese(lll) inter-
mediate, which is suggested to be a precursor for the observed chemiluminescence process.

The accuracy of the revised CL enhancement mechanism was tested in varying the reaction
conditions for permanganate oxidations of the mixture of formaldehyde with glyoxal and
glyoxylic acid, respectively. Experiments were conducted in which the permanganate as well
as glyoxal and glyoxylic acid concentrations for each trial were held constant while the initial
formaldehyde concentration was varied.

A series of experiments was conducted with initial permanganate concentration of 0.005M,
initial glyoxal concentration of 0.1M. The initial formaldehyde concentration was varied be-
tween 0.1 and 1.6M. The initial reaction rate constants were determined from the kinetics
model as shown in Figure 5.23. Reaction conditions and estimated rate constants are given
in Table 5.11 and the plot of rate constant (ki) versus glyoxal concentration is shown in Fig-
ure 5.24,
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Table 5.11 Experimental reaction conditions for permanganate oxidation of
glyoxal in the presence formaldehyde and estimated reaction rate constants.

Non-variables condi- [HCHOJ( | ku(s™) | ko (s™) | ks(s™) kq(s™) ke(s™) ko(s™)
tions of the reaction M)
[OCHCHO] = 0.1M; 0.0 0.019 | 4.78 7.20 1.98 9.24x10* | 9.52x10™

[KMnO4]=0.005M;
T° = 250C; [H2504]: 2 M

[OCHCHO] = 0.1M; 0.1 0.056 8.97 2.23 55x10° | 536x10* | 3.95x10°
[KMnO4]=0.005M;
T° = 250C; [H2504]:2M

[OCHCHO] = 0.1M; 0.2 0.113 3.83 181 62.2 0.003 5.85 x10™
[KMnO,4]=0.005M;
T° = 25°C; [H,S04]=2M

[OCHCHO] = 0.1M; 0.4 0.163 5.44 17.4 6.64 6.14 x10" | 3.76 x10™
[KMnO,]=0.005M;
T° = 25°C; [H,50,]=2M

[OCHCHO] = 0.1M; 0.8 0.250 | 5.66 17.3 7.32 1.10x10* | 2.96 x10™
[KMnO,]=0.005M;
T° = 25°C; [H,50,]=2M

[OCHCHO] = 0.1M; 1.6 0.423 5.97 19.0 9.33 6.50x10* | 4.37x10°
[KMnO4]=0.005M;
T° = 250C; [H2504]:2M

To graphically illustrate the obtained results presented in table 5.11 above, the experimental
data of ki, ky, k3 ks k¢ ky, Of the reactions monitored by visible absorbance were plotted versus
formaldehyde concentration.
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Figure 5.24 Plots and fittings showing the dependence of reaction rate constants (k;) on
[formaldehyde]. Reaction conditions: [HCHO] = 0.1 — 1.6M; Temperature = 25°C; [H,S0,] =
2M; [OCHCHO] = 0.1M.
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It can be seen that the plot of k; versus [formaldehyde] was linear with slope = 0.7, confirm-
ing a fractional-order dependence on the formaldehyde concentration. The fractional-order
dependence of k; on formaldehyde concentration is consistent with triple reduction of per-
manganate in the first step of the reaction by formaldehyde, glyoxal and manganese(lll) to
rapidly generate manganese(lV) intermediate. As expected, plots of k;, ks ks k¢, k, versus
[formaldehyde] (graphs not displayed) showed no first-order dependence on the formalde-
hyde concentration.

To confirm the results above, a series of experiments was conducted with initial permanga-
nate concentration of 0.005M, initial glyoxylic acid concentration of 0.1M. The initial formal-
dehyde concentration was varied between 0.1 and 1.6M.The initial reaction rate constants
were determined from the kinetics model as shown in Figure 5.22. Reaction conditions and
estimated rate constants are given in Table 5.12 and the plot of rate constant (k;) versus

glyoxal concentration are shown in Figure 5.25.

Table 5.12 Experimental reaction conditions for MnO, oxidation of glyoxylic

acid in the presence formaldehyde and estimated reaction rate constants.

Non-variables condi-
tions of the reaction

[HCHO]( M)

k1(5-1)

kz (5-1)

ks (5-1)

ks (5-1)

kf(S-l)

kb(shl)

[OCHCO,H] = 0.1M;
[KMnO,4]=0.005M;
T° = 250C,' [HzSO4]=2M

0.0

0.069

1.53

147.4

40.6

3.17 x10™

0.0012

[OCHCO,H] = 0.1M;;
[KMnO,]=0.005M;
T° = 250C,' [HzSO4]=2M

0.1

0.05

2.53

94.7

27.6

2.46 x10™

1.90 x10™

[OCHCO,H] = 0.1M;
[KMnO,]=0.005M;
T° = 25°C; [H,S04]=2M

0.2

0.092

3.02

56.3

16.5

5.98 x10™

2.38 x10™

[OCHCO,H] = 0.1M;
[KMnO,]=0.005M;
T° = 25°C; [H,S0,]=2M

0.4

0.16

3.54

162

54.4

9.6 x10™

1.41 x10°®

[OCHCO,H] = 0.1M;
[KMnO,4]=0.005M;
T° = 250C,' [HzSO4]=2M

0.8

0.28

4.11

44.2

15.3

2.43 x10™%°

2.03 x10™

[OCHCO,H] = 0.1M;
[KMnO,4]=0.005M;
T° = 250C,' [HzSO4]=2M

1.6

0.50

4.55

645

264

0.003

0.006

To graphically illustrate the obtained results presented in table 5.12 above, the experimental

data of ki, ky, ks ks k¢ ky Of the reactions monitored by visible absorbance were plotted ver-

sus formaldehyde concentration.
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Figure 5.25 Plots and fittings showing the dependence of reaction rate constants (k;) on
[HCHO]. Reaction conditions: [HCHO] = 0.1 — 1.6M; Temperature = 25°C; [H,SO.] = 2M;
[OCHCO,H] = 0.1M.

As expected, the plot of k; versus [formaldehyde] was linear with slope = 0.82, confirming
once again a fractional-order dependence on the formaldehyde concentration. The fraction-
al-order dependence of k; on formaldehyde concentration is consistent with triple reduction
of permanganate in the first step of the reaction by formaldehyde, glyoxylic acid and man-
ganese(lll) to rapidly generate manganese(IV). As expected, plots of kj, k3 ks ki ky versus
[formaldehyde] (graphs not displayed) showed no first-order dependence on the formalde-
hyde concentration.

5.2.4.4 Rate Constants Dependence on Manganese(ll) Concentration

It is well known that the added manganese(ll) catalyses various reactions with permanga-
nate in increasing the rate of MnO,4 oxidations and the chemiluminescence signal intensity.
Figures 5.26 and 5.27 show the change in permanganate concentration and chemilumines-
cence for the permanganate oxidation of glyoxylic acid and glyoxal CL systems in the pres-
ence of manganese(ll) ions.

Contrarily to simple mechanism, it is apparent from both Figures 5.26 and 5.27 that both the
predicted MnO, consumption and CL profiles well represented the experimental data. The
accuracy of the revised mechanism was tested by varying the manganese(ll) concentration.
If the revised chemical model is correct, the addition of Mn*" should increase the reaction
rate of MnO,4 oxidations in predictable manner. It is expected that the added manganese(ll)
concentration piles up manganese(lll) through k:. The effect of manganese(ll) concentration
was studied with constant initial concentrations of 0.005M KMnQO,4, 0.2M glyoxal and 2M
H,S0, at 25°C, while the initial manganese(ll) concentration was varied from 0.04 to 0.2M.
The results (the logk— log [Mn?'] profiles) are shown in Figure 5.28 and the derived values of
rate constants (k) are provided in Table 5.12.
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Figure 5.26 Experimental data (circle curves) - CL and Abs time courses for KMnO, oxida-
tion reaction of glyoxylic acid in the presence of manganese(ll). Fit shown ignores initial
Mn(ll). Reaction experimental conditions: [Mn(ll)] = 0.04M; [OCHCO,H] = 0.1M; [KMnO4] =
0.005 M; [H,S0,] = 2M; Temperature = 25° C; Wavelength = 525 nm.
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Figure 5.27 Experimental data (circle curves) - CL and Abs time courses for KMnO, oxida-
tion reaction of glyoxal in the presence of manganese(ll). Fit shown ignores initial Mn(ll).
Reaction experimental conditions: [Mn(ll)] = 0.04M; [OCHCHO] = 0.1M; [KMnO4] = 0.005
M; [H,S04] = 2M; Temperature = 25° C; Wavelength = 525 nm.
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Table 5.12 Experimental reaction conditions for permanganate oxidation of

glyoxal in the presence manganese(ll) and estimated reaction rate constants.

Non-variables conditions
of the reaction

[Mn?*]/
(M)

ka(s™)

kz (s™)

ks (s™)

ka(s™)

ke (s™)

ko(s™)

[OCHCHO] = 0.1M;
[KMnO,4]= 0.005M;
T° = 25°C; [H,S0,4]=2M

0.0

0.021

4.32

12.6

4.30

0.35

1.8x10”

[OCHCHO] = 0.1M;
[KMnO,4]=0.005M;
To = 250C,' [HzSO4]=2M

0.04

0.054

30.1

7.4

1.31

6.3x10”’

1.12

[OCHCHO] = 0.1M;
[KMnO,4]=0.005M;
To = 250C,' [HzSO4]=2M

0.08

0.10

49.1

7.30

2.42

0.144

0.160

[OCHCHO] = 0.1M;
[KMnO,4]=0.005M;
T° = 25°C; [H,S0,4]=2M

0.10

0.143

44.6

7.70

2.80

0.40

0.120

[OCHCHO] = 0.1M;
[KMn0O,4]=0.005M;
To = 250C,' [HzSO4]=2M

0.20

0.26

34.5

17.0

7.93

2.60

1.2 x10°®

[OCHCHO] = 0.1M;
[KMn0O,4]=0.005M;
To = 250C,' [HzSO4]=2M

0.30

0.513

142

8.30

4.0

4.14

1.1 x10°

The results in Table 5.12 illustrate some of the established main characteristics of the MnO,

CL reaction such as the linear enhancement effect of the added Mn(ll) on the reaction rates

and CL signal intensity. To graphically illustrate the obtained results presented in table 5.12

above, the experimental data of ki, kj, ks ks ke ky, of the reactions monitored by UV absorb-

ance were plotted vs. Mn(ll) concentration.

Unexpectedly the plot of rate constants (ki) versus manganese(ll) concentration (Figure 25)

produced a straight line dependence on manganese(ll) concentration having a correlation

coefficient of r= 0.999, with a positive slope = 1.10 and a positive intercept indicating first-

order dependence on the manganese(ll) concentration. This rather contradictory result on

the dependence of equation 1 on manganese(ll) concentration confirm the manganese(ll)

autocatalytic role which contributes for the feedback equation.
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Figure 5.25 Plots and fittings showing the dependence of reaction rate constants (k;) on
[Mn?*]. Reaction conditions: [Mn?'] = 0.1 — 1.6M; T°= 25°C; [H,S0,] =2M; [OCHCHO]= 0.1M.
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Figure 5.26 Plots and fittings showing the dependence of reaction rate constants (k,, ks,
(ks) on [Mn**]. Reaction conditions: [Mn?'] = 0.1 — 1.6M; T°= 25°C; [H,SO4] = 2M; [OCHCHO]

=0.1M.

As expected, rate constants k, and ks are independent on manganese(ll) concentration;
however, the plot of ks versus manganese(ll) concentration shows some dependence on
manganese(ll) concentration. A possible explanation for this might be that the added man-
ganese(ll) concentration reacts with permanganate to form manganese(lll) and the rate of

the reaction 4.
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Figure 5.27 Plots and fittings showing the dependence of reaction rate constants (k;, k) on
[Mn?*]. Reaction conditions: [Mn?'] = 0.1 — 1.6M; T°= 25°C; [H,S0,] =2M; [OCHCHO]= 0.1M.

Accordingly to expectations, the plot of rate constants (ks) versus manganese(ll) concentra-
tion (Figure 27) produced a straight line dependence on manganese(ll) concentration having
a correlation coefficient of r= 0.960, with a positive slope = 2.5 and a positive intercept indi-
cating first-order dependence on the manganese(ll) concentration. As the added manga-
nese(ll) concentration increased ks increased favouring the reaction forward to pile up man-
ganese(lll) responsible for the chemiluminescence reaction, while k, decreased.

The effect of manganese(ll) concentration was studied with constant initial concentrations
of 0.005M KMnO,, 0.2M glyoxal and 2M H,S0, at 25°C, while the initial manganese(ll) con-
centration was varied from 0.04 to 0.2M. The results (the logk— log [I\/In2+] profiles) are
shown in Figure 5.28 and the derived values of rate constants (k) are provided in Table 5.12.

To visualize further how manganese(ll) catalysis the permanganate oxidation to enhance
chemiluminescence emission, another series of kinetic runs were carried out with glyoxylic
acid by increasing the manganese(ll) concentration (range: 0.04 -0.3 moldm™) at constant
concentrations of other reactants and reaction factors including [MnO4 ] = 0.05 moldm™ ;
[H,SO4] = 2.0 moldm™ and temperature = 25°C. The experimental results are summarized in
Table 5.13 below and derived graphs are shown in Figures 28 - 30.
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Table 5.13 Experimental reaction conditions for permanganate oxidation of

glyoxylic acid in the presence Mn(ll) and estimated reaction rate constants.

Non-variables condi-
tions of the reaction

[Mn?*]( M)

ka(s™)

kz (s™)

ks (s™)

ka(s™)

ks (s™)

ko(s™)

[OCHCO,H] = 0.1M;
[KMn04]=0.005M;
T° = 25°C; [H,S04]=2M

0.0

0.007

1.54

67.4

18.4

3.1x10*

0.002

[OCHCO,H] = 0.1M;
[KMn04]=0.005M;
T° = 25°C; [H,S04]=2M

0.04

0.026

18.2

18.3

6.14

3.6x10°

1.5x10°

[OCHCO,H] = 0.1M;
[KMn04]=0.005M;
T° = 25°C; [H,S04]=2M

0.08

0.047

56.0

8.76

2.64

0.0052

0.0014

[OCHCO,H] = 0.1M;
[KMn04]=0.005M;
T° = 25°C; [H,S04]=2M

0.10

0.10

35.5

11.6

3.80

0.0028

5.6x10*

[OCHCO;H] = 0.1M;
[KMnO,4]=0.005M;
T° = 25°C; [H,S04)=2M

0.20

0.44

18.8

47.3

21.3

0.0058

0.008

[OCHCO,H] = 0.1M;
[KMn04]=0.005M;
T° = 25°C; [H,S04]=2M

0.30

0.56

88.2

11.3

4.80

0.0096

0.044

The results in Table 5.13 illustrate some of the established main characteristics of the per-

manganate chemiluminescence reaction such as the linear enhancement effect of the added

manganese(ll) on the reaction rates and chemiluminescence signal intensity.

To graphically illustrate the obtained results presented in table 5.13 above, the experimental

data of kj, ka, ks ks ke ky, of the reactions monitored by UV absorbance were plotted manga-

nese(ll) concentration.
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Figure 5.28 Plots and fittings showing the dependence of reaction rate constants (k;) on
[Mn**]. Reaction conditions: [Mn>*] = 0.1 — 1.6M; T°= 25°C; [H,S04] =2M; [OCHCO,H] =
0.1M.

Again, the plot of rate constants (k;) versus manganese(ll) concentration (Figure 28) pro-
duced a straight line dependence on manganese(ll) concentration confirming the depend-
ence of equation 1 on manganese(ll) concentration and the manganese(ll) autocatalytic role
which contributes for the feedback equation.
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Figure 5.29 Plots and fittings showing the dependence of reaction rate constants (k,, ks,
(ks) on [Mn*']. Reaction conditions: [Mn**] = 0.1 — 1.6M; T°= 25°C; [H,SO4] = 2M; [OCH-
CO,H] =0.1M.

As expected, rate constants k; and ks are independent on Mn(ll) concentration; however, the
plot of ks versus Mn(ll) concentration confirms a dependence on manganese(ll) concentra-
tion with a possible explanation for this might be that the added Mn(ll) concentration reacts
with MnQj, to pile up Mn(lll), which increases the rate of the reaction 4.
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Figure 5.30 Plots and fittings showing the dependence of reaction rate constants (k;, k) on
[Mn**]. Reaction conditions: [Mn**] = 0.1 — 1.6M; T°= 25°C; [H,S04] =2M; [OCHCHO] =
0.1M.

As expected, the plot of rate constants (k) versus manganese(ll) concentration (Figure 30)
produced a straight line dependence on manganese(ll) concentration indicating first-order
dependence on the manganese(ll) concentration. As the added manganese(ll) concentration
increased ks increased favouring the reaction forward to pile up manganese(lll), however,
the plot showed that k, increased as well.

The results of the chemical kinetic modelling investigation validate the revised mechanism,
which has demonstrated to reproduce most of the CL experimental systems. Thus, confirm-
ing the hypothesis that the CL emission comes from the last step, which is the rate of for-
mation of manganese(ll) (i.e. an excited Mn(ll)* species as suspected).

Therefore, the modelling results indicate that the mechanism of permanganate CL reaction,
which has been tested against a variety of data from permanganate oxidation of glyoxylic
acid and glyoxal experiments can be used to predict CL emission during permanganate CL
processes. The kinetic model can also be used to obtain estimates the individual rate con-
stants for permanganate oxidation process and predict the chemiluminescence emission
process associated with the reaction.

5.3 Modelling Mn(1V) Chemiluminescence System

Manganese(lV) is generally believed to be an important reactive intermediate product in the
permanganate oxidation process, and plays a key role in permanganate CL systems.

It was thus suggested in the preceding chapter that manganese(lV) is an additional major
contributing factor for the CL reaction between permanganate and organic substrate, and it
was successfully demonstrated that manganese(lV) reacts with organic substrates such as
glyoxal and glyoxylic acid to produce a significant and measurable CL emission.
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Based on the kinetic experiments obtained from Mn(IV) oxidation reactions over various or-
ganic substrates in the preliminary experiments in the precedent chapter, the following pre-
dictive model was developed to describe Mn(lV) CL oxidation in acidic solution and under
the reaction conditions which stabilise manganese(1V):

MnOz > Mn3+ kz
Mn3* > Mn?* kq
MnO, + Mn** > 2Mn** ke

This model assumes that organic substrate concentration is in large excess of manganese(IV)
to ensure oxidation is of original organic species, unless daughters species react more rapid-
ly, which may be likely. The accuracy of this kinetic model for predicting manganese(IV) CL
systems was tested and validated by comparing the model predictions with the present ex-
perimental data for manganese(lV) oxidation CL systems.

The model can be used to determine kinetic parameters for manganese(IV) oxidation and
chemiluminescence emission process that accompanies the oxidation reaction.

039, -03
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Figure 5.31 Comparison of kinetic model predictions (line curves) and experimental data
(circle curves) - CL and Abs time courses for Mn(IV) oxidation reaction of glyoxylic acid. Re-
action experimental conditions: [OCHCO,H] = 0.8M; [Mn(IV)] = 0.0025 M; [H,SO,] = 2M;
Temperature = 25° C; Wavelength = 400 nm

The results presented in Figure 5.31 show good agreements between model predictions and
measurements of CL emission during oxidation of 0.8M glyoxylic acid with 0.0025M Mn(IV).
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Both experimental data and model prediction for absorbance time course show >95% glyox-
ylic acid oxidation is achieved within two minutes and the model predictions fall within one
standard deviation of the measured values. Thus, these results indicate that the kinetics
model can be used to estimate kinetic parameters of manganese(lV) oxidation of many or-
ganic species and also predict the process of the CL emission that accompanies the oxidation
reaction. It was hypothesised that the rate of CL emission is proportional to manganese(lll)
concentration and is the same as that for the change in Mn(ll) concentration.

The accuracy of this kinetic model for predicting manganese(IV) CL systems was also tested
and validated by investigating the effect of glyoxylic acid concentration using the reaction
conditions in which the initial glyoxylic acid concentration in large excess over manga-
nese(IV) was varied in the range 0.025 to 0.8M and manganese(lV) concentration was held
constant at 0.0025M. The experimental results are summarized in Table 5.14 below and de-

rived graphs are shown in Figure 32.

Table 5.14 Experimental reaction conditions for manganese(lV) oxidation of

glyoxylic acid and estimated reaction rate constants.

Non-variables conditions of the Variables factors: i i i

. ka(s™) ka(s™) ke(s™)
reaction [OCHCO,H]/(M)
[Mn(IV)] = 0.0025M; T° = 25°C;
[H,S04]=2M 0.025 0.55 1.74 0.008
[Mn(IV)] = 0.0025M; T° = 25°C;
[H,S04]=2M 0.05 0.93 1.35 0.004
[Mn(IV)] = 0.0025M; T° = 25°C;
[H,504]=2M 0.10 1.54 1.37 0.009
[Mn(IV)] = 0.0025M; T° = 25°C;
[H,S04]=2M 0.20 2.38 1.22 0.009
[Mn(IV)] = 0.0025M; T° = 25°C;
[H,504]=2M 0.40 3.35 1.16 0.008
[Mn(IV)] = 0.0025M; T° = 25°C;
[H,S04]=2M 0.80 4.40 1.40 0.005

To graphically illustrate the obtained results presented in table 5.14 above, the experimental

data of ky, ks and ks of the reactions monitored by UV absorbance were plotted versus glyox-

ylic acid concentration.
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Figure 5.32 Plots and fittings showing the dependence of reaction rate constants (k2, k4
and k) on [OCHCO,H]. Reaction conditions: [DOCHCO,H] = 0.025 — 0.8M; T°= 25°C; [H,S0,4] =
2M; [Mn (IV)] = 0.0025M.

It was expected that k, and ks would show first order dependence on glyoxylic acid concen-
tration (R) and ki would be independent of [glyoxylic acid]. As expected k, produced a
straight line dependence on glyoxylic acid concentration having a correlation coefficient of
r=0.993, with a positive slope = 0.6 indicating a fractional-order dependence on the glyoxylic
acid concentration. However, ks showed no dependence on the glyoxylic acid concentration.

A possible explanation is that most of glyoxylic acid is used to convert manganese(lV) to
manganese(lll), which reacts mainly with organic intermediates and which is the light-
producing step in this concentration regime.

A good agreement was observed between the obtained numerical values representing the
kinetics parameters and the chemiluminescence features, confirming a significant existing
positive correlation between the oxidation reaction and the chemiluminescence process.
The first-order dependence of rate constant (k) on glyoxylic acid concentration is consistent
with the second step in the permanganate chemiluminescence reaction. Also these findings
of the current study confirm our mechanistic working hypothesis that manganese (IV) oxida-
tion reaction of glyoxylic acid lead to manganese (lll) and the light-producing step in per-
manganate CL system.

5.4 Modelling the Mn(lll) Chemiluminescence System

It was hypothesised in the preceding chapter that manganese(lll) is a precursor for the ob-
served CL emission in MnO4 oxidation reactions.

It has been demonstrated that manganese(lll) can react with organic substrates such as gly-
oxal and glyoxylic acid to produce a significant and measurable chemiluminescence signal.
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However, contrary to permanganate, under the reaction conditions, the experiments did not
find any evidence for the reaction between manganese(lll) and formaldehyde or manga-
nese(ll). This confirmed our earlier findings that manganese 1) and formaldehyde speed up
only the first steps of the permanganate chemiluminescence reaction, which consists with
permanganate reduction to generate manganese(lll) intermediate.

The data obtained were fitted to exponential equation and the pseudo-first order rate con-
stants (kops) produced and second order rate constants (k) calculated are shown in Table
5.15. As Table 5.15 shows, no significant difference were found between kinetics parameters
and chemiluminescence features obtained from manganese(lll) system with and without
formaldehyde, confirming earlier results that, under the reaction conditions, the reaction
between manganese(lll) and formaldehyde is not very significant to make any contribution
to the resulting chemiluminescence emission intensity of Mn(lll) oxidation of glyoxal in the
presence of formaldehyde.

Table 5.15 Rate constants for the KMnO, and Mn(lll) chemiluminescence oxi-
dations of Glyoxal with and without Formaldehyde

Non-variables Conditions CL Decay Absorbance change

of the Reaction Kobs (V) k (s"M") Kobs (s) | k (s MY)
[MnO,4] = 0.02M; [OCHCHO] = 0.2M; 3.57 17.87 2.80 14.0
T°=25°C; [H,S04]=2M
[MnO4] =0.02M; [OCHCHO] = 0.2IV; 4.41 22.0 3.60 18.0
[H,CO] = 0.75M; T°= 25°C;[H,S04]=2M
[MnO4] = 0.02M;[H,CO] = 0.75M No CL No CL 0.97 1.30
T°= 25°C; [H,S04]=2M
[Mn(I11)] = 0.02M; [OCHCHO] = 0.2M 4.16 20.8 3.40 17.0
T°= 25°C; [H,S04]=2M
[Mn(111)] = 0.02M; [OCHCHO] = 0.2M; 3.63 18.2 3.32 16.60
[H,CO] = 0.75M;T°= 25°C; [H,S04)= 2M
[Mn(I11)] = 0.02M;[H,CO] = 0.75M; No Reaction | No Reaction | No Reaction | No Reaction
T°= 25°C; [H,S04] =2M

Based on the kinetic experiments obtained from manganese(lll) oxidation, reactions with
various organic substrates in the preliminary experiments in precedent chapter, the follow-
ing predictive simplest model was developed to describe manganese(lll) CL oxidation in acid
solution and under the reaction conditions which stabilise manganese(lll). The model can be
used to determine kinetic parameters for manganese(lll) oxidation and chemiluminescence
emission process that accompanies the oxidation reaction.

Mn3* > Mn** kq

- 233-



The accuracy of this kinetic model for predicting manganese(lll) CL systems was tested and
validated by comparing the model predictions with the present experimental data for man-
ganese(lll) oxidation CL systems.

Results presented in Figure 5.33 and 5.34 show reasonably good agreements between mod-
el predictions and measurements of CL emission during oxidation of 0.8M glyoxylic acid or
0.5M glyoxal with 0.05M Mn(lll), respectively. Both experimental data and model prediction
for absorbance time course show >95% glyoxylic acid oxidation is achieved within one
minutes and the model predictions fall within less than one standard deviation of the meas-
ured values.

Thus, these results indicate that the kinetics model can be used to obtain estimates kinetic
parameters of Mn(lll) oxidation of many organic species and also predict the process of the
CL emission that accompanies the oxidation reaction. The solid line in Figure 5.33, for exam-
ple, represents the best fit results, where k,=8.2 s™. It was hypothesized that the rate of CL
emission is the same as that for the formation of Mn(ll) or Mn(lll) consumption. In curve fit-
ting CL time course experimental data for this reaction, the rate of the CL decay (ks = 8.3 s_l)
is the same as it falls within the standard deviation of the k; values obtained from fitting
Mn** consumption.

31114

#AbsExpenmentss4
#CLExperiment587
Mn3Model:1
Mn2hodel:1
CLModel1

e
E
4

2
i
&)
5]
P

STARTTIME =10
STOPTIME =5

DT =0.01
DTOUT =0
Mn3Model = 0812832
Mn2Model =10

k4 =8.14534
Scale =0.854083

1.778

CL Intensity (V)

13339

Species Absorbance (a.u.)

0.8589

0.4444 4

EI:S 05 057 0‘3 IJ:S 5
Time (s)

Figure 5.33 Comparison of kinetic model predictions (line curves) and experimental data
(circle curves) - CL and Abs time courses for Mn(lll) oxidation reaction of glyoxylic acid. Re-
action experimental conditions: [OCHCO,H] = 0.8M; [Mn(lll)] = 0.05 M; [H,SO4] = 2MVM;
Temperature = 25° C; Wavelength = 400 nm.
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Figure 5.34 Comparison of kinetic model predictions (line curves) and experimental data
(circle curves) - CL and Abs time courses for Mn(lll) oxidation reaction of glyoxal. Reaction
experimental conditions: [OCHCHO] = 0.5M; [Mn(lll)] = 0.05 M; [H,SO4] = 2M; Temperature

= 25° C; Wavelength = 400 nm.

It was also observed in the precedent chapter that the intensity of the chemiluminescence

signal and the reaction rate increased with glyoxylic acid or glyoxal concentration (see Figure
4.23). Therefore, to test the kinetic model, a series of kinetic runs were performed, in which
the initial concentration of manganese(lll) was held constant at 0.05M while the initial gly-
oxylic acid concentration was varied from 0.025 to 0.8 M. The reaction rate constants (k)

derived from the disappearance of unreacted Mn(lll) are summarised in Tables 5.16.

Table 5.16 Experimental reaction conditions for manganese(lll) oxidation of

glyoxylic acid and estimated reaction rate constants (k,).

Non-variables conditions of the reaction Variables factors: ka(s™)
[OCHCO,H]/(M)

[Mn(I11)] = 0.05M;T° = 25°C; [H,S0.]=2M 0.025 0.26
[Mn(I11)] = 0.05M;T° = 25°C; [H,S0.]=2M 0.05 0.41
[Mn(l1)] = 0.05M;T° = 25°C; [H,S04]=2M 0.10 0.80
[Mn(1l1)] = 0.05M;T° = 25°C; [H,S04]=2M 0.20 3.45
[Mn(I11)] = 0.05M;T° = 25°C; [H,S0.]=2M 0.40 5.15
[Mn(l1)] = 0.05M;T° = 25°C; [H,S04]=2M 0.80 8.20

- 235-



To determine the dependence upon excess glyoxylic acid concentration log of k4 of the reac-
tions monitored by visible absorbance were plotted versus log of the glyoxylic acid concen-
tration.
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Figure 5.35 Plots and fittings showing the dependence of reaction rate constants (k;) on
[OCHCO,H]. Reaction conditions: [OCHCO,H] = 0.025 — 0.8M; T° = 25°C; [H,SO4] = 2M;
[Mn*'] = 0.0025M.

As expected the rate constant (ks) showed a first-order dependence on the initial glyoxylic
acid concentration, as measured by UV absorbance of the unreacted manganese(lll).

In general, a good agreement was observed between obtained numerical values represent-
ing the kinetic parameters and the chemiluminescence features, confirming a significant ex-
isting positive correlation between the oxidation reaction and the CL process.

The first-order dependence of the rate constant (ks) on glyoxylic acid concentration is con-
sistent with the single step of the chemiluminescence oxidation reaction between manga-
nese(lll) and glyoxylic acid, with excess glyoxylic acid being the limiting chemiluminescence
reagent under these reaction conditions. Also these findings of the current study confirm
our mechanistic working hypothesis that manganese(lll) oxidation reaction of glyoxylic acid
is the light-producing step in permanganate chemiluminescence system.

5.5 Reaction Mechanism for Manganese-based Chemiluminescence Systems

The identification of the rate law provides valuable insight into the reaction mechanism, the
sequence of elementary steps by which a reaction takes place. The aim of this section is to
identify the CL-producing pathway by constructing the rate law that it implies. It has been
well demonstrated that manganese-based oxidants, particularly permanganate oxidant is a
versatile oxidizing agent and is largely used in chemiluminescence analytical technique and
for studying the oxidation kinetics of many organic substrates.
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The reaction mechanisms for different organic substrates suggested by various authors are
not similar, indicating that a variety of mechanisms are possible, depending upon the nature
of the reactive manganese species involved, the reaction conditions and environment, the
nature of the organic substrate being oxidised, etc. However, the literature available on
manganese-based chemiluminescence contains little information on the kinetics and mech-
anism resulting in the chemiluminescence process.

Herein, based in the obtained results from the preliminary experiments in the preceding
chapter, the reaction of glyoxal and glyoxylic acid with acidic manganese oxidants were se-
lected as case studies for the determination of the kinetics parameters and the chemilumi-
nescence features that characterise the light-producing pathway and the mechanism of the
chemiluminescence enhancement in manganese chemiluminescence systems.

This, because they have been found as a perfect representative examples of the relatively
fast chemiluminescence reaction between a strong manganese oxidizing agent and an or-
ganic analyte. The emission from these particular reactions reaches maximum intensity with-
in a few seconds and display good chemiluminescence signal shape under stopped-flow
conditions.

As a preliminary to the understanding of the proposed mechanism of these manganese
chemiluminescence reactions, it was essential that the emitting species is definitely known.
Thus, all the results obtained in this study can be adequately explained by accepting that the
emitting species in manganese-based chemiluminescence reactions was assigned to excited
manganese(ll) as a result of manganese(lll) intermediate product reduction by an organic
substrate.

A mechanism consistent with all of kinetics and chemiluminescence emissions observations
is given in Figure 5.36 and the Table 5.17 summarizes the reaction steps probed by the kinet-
ics, chemiluminescence emissions and the rate laws that apply to this mechanism for pseu-
do-first order conditions with organic substrate in large excess.

All of the results including kinetic modelling are consistent with the conclusion that under
conditions of a large excess of organic substrate (e.g. glyoxal or glyoxylic acid) over perman-
ganate, the formation of manganese(lll) intermediate product is the rate limiting step for
the chemiluminescence rise reaction, assuming that, under the reaction conditions in which
the ratios of the organic substrate to MnQ, are at least 10:1, the oxidation reaction either
between permanganate or Mn(lll) intermediate product with daughter products is not likely
to be significant.

By comparison of the time courses for the chemiluminescence emission and for disappear-
ance of permanganate, it is possible to conclude that permanganate must be converted to
an intermediate which then undergoes a chemiluminescence reaction.
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Thus, the decrease in permanganate follows a first-order k; rate law while the build-up of
the chemiluminescence signal intensity and the chemiluminescence signal decay of the in-
tensity of the chemiluminescence emission follow consecutive first-order kinetics.

It has been found that the pseudo-first order rate constants, as measured by visible absorb-
ance of the unreacted permanganate, have first-order dependence on the glyoxylic acid or
glyoxal concentration. The first-order dependence of k; on the glyoxylic acid or glyoxal con-
centration is characteristic of the initial step of permanganate conversion to manganese(lV),
then manganese(lll) intermediate product, which undergoes later a reduction reaction ac-
cordingly to ks to produce CL emission.

With respect to formaldehyde signal enhancement effect, it was found that formaldehyde
does affect the reaction rate and the chemiluminescence rise rate at significantly higher
concentrations. The fact that, in a separate experiment and under a similar experimental
conditions, no evidence of a reaction was observed between Mn(lll) and formaldehyde, sug-
gesting that in the presence of formaldehyde concentration, only the initial stage of the re-
action is affected as a result of a direct reaction between permanganate and formaldehyde
to form the manganese(lV), then the manganese(lll) intermediate.

The comparison of the measured rate constant (kops = 3.60 s’l) for KMnO,/Glyoxal/ Formal-
dehyde system is relatively equal to Mn(Ill)/Glyoxal/Formaldehyde system (kops = 3.02 s™),
confirming that formaldehyde has no significant effect on manganese(lll) oxidation reaction.
We understand that in the presence of formaldehyde, there is a competition between for-
maldehyde and organic substrate to react with MnO4, which increases the overall rate of
reaction with subsequent increase in chemiluminescence signal emission.

It was also demonstrated that manganese(ll) increases the reaction rate and chemilumines-
cence emission. Manganese(ll) enhancement effect on permanganate chemiluminescence
systems can only be explained by permanganate reduction as a result of a back reaction be-
tween Mn(ll) and MnOQO,4 to form manganese(lll) intermediate.

The reaction rate constants, as measured by UV absorbance of the unreacted permanga-
nate, have a first-order dependence on the added Mn(ll).

Since there is no evidence of a reaction between Mn(ll) and a Mn(lll) intermediate, under
the reaction conditions, the first-order dependence on the added Mn(ll) concentration can
only be a characteristic of the initial step of MnO4 conversion to Mn(IV), then Mn(lll) inter-
mediate product, which undergoes later a reduction reaction accordingly to ks to produce
light.

Therefore, in presence of Mn(ll), there is also a predominant catalysis reaction of Mn(ll) and
MnO, , which results in increasing the reaction overall rate and CL emission.

- 238-



Table 5.17 Summary of proposed reaction mechanism and approximate rate law

reaction step

excess of organic substrate (S)
(e.g. glyoxal or glyoxylic acid)

In the presence of an enhancer
additive (e.g. formaldehyde)

In the presence of a catalyst
(e.g. Manganese(ll))

MnQO,4 + xsS = MnO, (k1) [ reaction rate = -k;[MnO4] rate = -(ks+k')[MnO4 ][ HCHO] rate = -(k¢+k")[MnO4 ][ M(I)]
Initial step slow; not CL ki< k'for[ HCHO]= 0.8M ; not CL ki < k" for [ Mn(l1)]€ 0.1M; not CL
MnO, + xsS - Mn(lll) (ko) | reaction rate = -k,[MnO,] - -
ki< ky.not CL

3Mn(lll) + MnO4 = 4MnO, (ks) | reaction rate =-ks[MnO4 ][ M(I1I)]? - -

not CL
Mn(lll) + xsS = Mn(ll) + light (kq) | reaction rate = -k4[Mn(lIl)] - -

fast; CL step
MnOz+ Mn(ll) <> 2Mn(lll)  Keg=ki/kp | reaction rate = kfMnO,][ M(ll)] - k¢favoured

reaction rate = k,[ M(l11)]
not CL
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The presence of Mn(VI) and Mn(V) could not be demonstrated, as they are highly unstable in
acid medium and difficult to measure. However, under the reaction conditions, it believed
that, like permanganate, Mn(IV) is rapidly converted to on Mn(lll) intermediate product, ei-
ther by Mn(ll) or a reducing agent.

In acidic solution, permanganate is reduced to Mn(ll) and produces chemiluminescence
emission if excess of organic reducing agent is present, whereas in the presence of excess
permanganate, a possible MnO,; solid is formed as a result of the oxidation of Mn(ll) by
MnO, with subsequent quenching effect on chemiluminescence intensity.

Taken together, these findings suggest that the role for externally addition of Mn(ll) and
formaldehyde in enhancing chemiluminescence signal emission can be explained by virtue of
a chemical reaction with permanganate rather than by virtue of a physical process of solu-
tion mixing.

The current findings add substantially to our understanding of manganese-based chemilu-
minescence systems and its chemiluminescence signal enhancement. It has been well
demonstrated that most chemiluminescence responses of organic species, such as glyoxal
and glyoxylic acid, in the manganese-based systems result from that the chemical oxidation
of these species producing strong reducing intermediates, usually manganese(lll) species,
which react immediately with an organic substrate to generate excited-state Mn(ll)* and
lead to light emission.

It is anticipated that this work will lead to a better interpretation of solution CL and hence
better design of methods. This can be illustrated by considering recent papers involving CL
using permanganate, all of which involve other species usually referred to as enhancers.

Many of these papers use formaldehyde as an enhancer. In a study of the chemiluminescent
oxidation of lipoic acid®®, a range of potential enhancers were tried including potential en-
ergy transfer fluorophores and formaldehyde without explanation as was the use of formal-

424, 585

dehyde in catecholamine detection in another publication. The optimisation of these

methods in flow systems were carried out entirely empirically.

There have been some quite detailed studies of the design of flow detection cells using per-

586

manganate with and without thiosulphate™". Thiosulphate, described as an enhancer, was

140, 587 and

used to generate Mn?" in situ to increase the rate of oxidation by permanganate
hence the chemiluminescence. Strangely, this was compared to the addition of Mn?* to
permanganate prior to mixing, which in the absence of a reductant is slow and it is not clear
why thiosulphate should have any advantage over the direct addition of Mn?*, although we
have not verified this. What is clear, however, is that the optimisation of the flow cell design

should be much easier knowing the rates of the appropriate reactions.
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Many reported methods are even more complicated. Chromium(IV), toxic at low levels, has
been detected in aqueous solutions using peroxide, permanganate and gallic acid®®. We
have shown that dichromate oxidations in the presence of Mn?* produce Mn** and hence
chemiluminescence and permanganate and peroxide will generate Mn**. We have also
shown that the oxidation of gallic acid by permanganate is rapid, so the observation of
chemiluminescence in this mixture is not surprising and would be better understood in
terms of the kinetics.

It is reported?*® that Mn(Ill) and Mn(IV) oxidations differ markedly in selectivity and sensitivi-
ty from permanganate. These differences will undoubtedly be due to the rates of the reac-
tions and again optimisation of flow conditions would be considerably aided by an under-
standing of the rate constants.

Luminol chemiluminescence is another fertile area for chemiluminescence and published
methods again usually include enhancers. In a method for the determination of catechola-
mines using periodate and luminol, enhancement was observed for gallic acid, acetaldehyde
and Manganese(l1)°*°. The conditions here are alkaline rather than acidic as studied here, but
the generation of oxidising manganese species from periodate and Mn?* is likely.
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Chapter 6

Conclusions

This research has investigated the kinetics of some oxidations by permanganate, manga-
nese(lV) and manganese(lll) compounds which exhibit chemiluminescence and thus are of
analytical interest. The group has previously suggested that the chemiluminescence from all
three reactions has the same origin and that the origin of action of so-called enhancers and
sensitizers is kinetic.

An attempt has been made to find a simple kinetic mechanism to fit the decay of the three
oxidants with several substrates. The mechanism of permanganate oxidations has been
studied for around 150 years without a definitive model and although this work has not
solved that problem, using a simple model has enabled us to predict the chemiluminescence
emission and explain the observed behaviour of mixtures.

Under the conditions used, the decay of permanganate shows a sigmoidal decay curve char-
acteristic of autoxidation most simply explained by a feedback from Mn?" product after the
formation of an intermediate species such as MnO, or Mn**. For the simplest mechanism
and the acid conditions used, it has been assumed that this is I\/In3+, although the choice
does not affect the fit of the model.

In the proposed mechanism, the emission of chemiluminescence is assumed to be at the fi-
nal stage, which is reduction of Mn** to Mn?*. Although it is postulated that this involves an
excited Mn** species, this does not affect the validity of the approach and the mechanism
would still apply if chemiluminescence involved other species, such as Mn0O,, as MnO,, Mn*"
and Mn?* are in equilibrium with each other.

Addition of Mn?* is known to increase the rate of permanganate oxidations, but does not
remove the induction as predicted by the simple mechanism. An alternative more complex
mechanism has been suggested to explain this, although this is not entirely satisfactory.
Nevertheless, the observed increase in chemiluminescence matches the change in kinetics
as predicted.

The explanation for enhancement as a kinetic effect is clearly demonstrated by aqueous
formaldehyde. Formaldehyde is observed to reduce permanganate to Mn>* rather than the
more usual Mn*". This reaction does not exhibit chemiluminescence. The addition of excess
formaldehyde in addition to another reductant thus increases the rate of formation of Mn>*
and thus the chemiluminescence. The rates of the reaction mixture are in excellent agree-
ment with those observed for the constituent components.
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Although it was not possible to prepare MnO, (sol) and Mn** under identical conditions to
those used for permanganate oxidations, the kinetic model is applicable to these and the
three reactions were shown to be consistent.

Using this kinetic approach it should now be possible to predict the effect of mixtures and of
reaction conditions on chemiluminescent reactions of analytical importance. Not only does
an understanding of the kinetics and mechanism enable the optimisation of the conditions
for chemiluminescence, it also enables the prediction of suitable enhancers. This approach
whilst demonstrated for permanganate reactions is clearly much more generally applicable.
This is in contrast to the more serendipitous approach used to date.

Future work should involve the extension to other conditions, for example the effect of pH
on manganese oxidations, and also other oxidants and reductants.
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