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Introduction
The increasing challenges of measuring minute concentrations of compounds in
complex matrixes requires the development of very sensitive and selective analytical
methods. LCEC is a technique that may offer very high sensitivities and selectivities
for electroactive compounds, as many compounds are electroinactive and
consequently are not detected. Olsalazine sodium is a compound of pharmaceutical
use that is present in very low concentrations in acidic solutions. It was therefore of
interest to investigate the electrochemical properties of Olsalazine sodium and some
related compounds to evaluate the applicability of LCEC for the determinations of
these compounds in liquid samples. Another reason for studying these compounds
was to investigate the influence of the structure of azosalicylic acids on their
voltammetric properties. Such information can be used to better understand the
pharmaceutical properties of azosalicylic acids.

Aromatic azo compounds
Olsalazine sodium or Disodium 3,3’-azobis-(6-hydroxy-)benzoate, the active
component of Dipentum, belongs to a class of organic compounds known as
aromatic azo compounds. This group of compound is characterised by the presence of
one or several R1-N=N-R2 groups. The R1 and R2 groups are usually substituted
aromatic hydrocarbons or aromatic heterocyclic compounds.1 The structure of
azobenzene is shown in Figure 1 as an example. Azo compounds show cis/trans
isomerism although the trans-form is the most stable conformation in most cases.2,3

Figure 1 Azobenzene.

Use of aromatic azo compounds

Azo compounds as dyes and pigments

Aromatic azo compounds have intense colours due to the extension of the delocalised
aromatic π-electron system made possible by the presence of the azo group. Azo
compounds are widely used as dyes and pigments1 since almost any colour can be
obtained with this class of compounds. A comprehensive summary of the
applicability of azo compounds as dyes and pigments is found in Reference 1.

Applications in analytical chemistry

Another area of application of aromatic azo compounds is analytical chemistry where
some of these compounds are used as indicators in pH, redox or complexometric
titrations. The end point of an acid-base titration can be indicated by a colour change
as a result of a change in the protonation of the indicator. In addition to titrations,
direct and indirect determinations of transition metal ions in different matrices have
also been presented utilising electroanalytical techniques such as polarography,4-6
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voltammetry using a RDE7 and adsorptive stripping voltammetry.8,9 Polarography and
voltammetry will be briefly described in the next section.

Pharmaceuticals

Azo compounds are also used in the pharmaceutical industry. The pharmacological
use of azo compounds originates from the discovery of the antibacterial action of
Prontosil on streptococcal infections by Dogmagk.10 The effect was later attributed to
the sulfanilamide produced after bacterial reduction of the azo linkage in the colon.
The search of other sulfanilamide preparations led to the discovery of Sulfasalazine
(Salazosulfapyridine) for the treatment of rheumatoid arthrithtis and ulcerative colitis
by Svarts in the beginning of the 1940’s.11 Sulfasalazine is still in use for treatment of
these conditions.12,13

Ulcerative colitis and Crohn’s disease are two chronic inflammatory bowel diseases,
which cause inflammatory changes and ulcers of different types in the intestinal
mucosa. The severity of the diseases ranges from mild attacks to life threatening
conditions due to punctuation of the colon or cancer development. Mild attacks can
often successfully be treated medically while the latter conditions often require
surgical removal of the inflamed parts of the colon.14

Since most of the adverse effects of Sulfasalazine have been attributed to the sulfa
part of the molecule while the therapeutic effect has been ascribed to the
antiinflammatory action of 5-aminosalicylic acid, a new prodrug, Olsalazine sodium,
was developed. In this compound, two 5-ASA molecules are coupled by an azo
bond.15 After reduction of the azo bond in the colon, these two 5-ASA molecules are
released. Several other compounds based on this prodrug concept have been released
or are under development, where a 5-ASA molecule is linked by an azo or another
link to carriers with less adverse effects than sulfapyridine or to carriers with other
active properties.16-19 A number of pharmaceutical preparations of 5-ASA itself have
also been introduced, such as enemas and suppositories, for colonic delivery and
controlled release formulations when the small intestine is involved in the disease.20,21
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Electrochemical techniques used in organic electrochemistry
In this section, a selection of electrochemical techniques and electrodes suitable for
studying different aspects of electrode processes of organic compounds are briefly
described. The selection is focused on experimental methods and techniques that
either have been used in the work presented in this thesis or possess certain beneficial
properties for studying electrode reactions. The selection is therefore somewhat
arbitrary and many electrochemical methods and electrodes that are useful for other
types of electrochemical problems are therefore not treated or only briefly mentioned.

Potential scan techniques

Of the many different electrochemical techniques available, cyclic voltammetry is one
of the most versatile techniques for studying electrochemical properties of organic
compounds. The principle of CV (see Figure 2 and Figure 3) is that the potential drop
over the solution-electrode interface is changed in a linear fashion between a start and
a stop potential, at which the scan direction is reversed. The reverse scan may end at
the start potential or be extended to a second vertex potential, from which the scan
may be returned to an end potential or to the start potential to end the cycle. In a
multicyclic experiment, the potential program is repeated several times. An example
of a CV potential program is show in Figure 2 while the resulting i-E curve is
depicted in Figure 3. Characteristic CV parameters are the peak potentials and
currents. The peak current for a diffusion-controlled reaction is related to the scan
rate through the Randles-Sevcik equation:22

i nFAC
nF

RT
Dp = 0 4463

1
2 1

2
1
2. * υ (1)

Further aspects on the theory of cyclic voltammetry and other electrochemical
techniques can be found in general textbooks such as Reference 22 and 23. It should
be noted that when a computerised equipment is used, the analogue linear ramp is
generally replaced by a staircase function with small but distinctive steps. This has

Example of a CV potential program (Figure 2) and a corresponding voltammogram (Figure 3).

some implications on the theoretical current responses in LSV and CV.24,25 Cyclic
voltammetry, which was the main technique employed in Paper I and III, is a very
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flexible technique as the time scale of the experiment easily can be changed by
altering the scan rate. The use of different scan rates allows rapid screenings of the
electrochemical properties of compounds in solutions. By careful selection of the
experimental parameters, a large amount of information of both qualitative and
quantitative nature can be obtained with CV by a few experiments. First of all, it can
easily be established if a particular substance is electroactive or not and if the
electrochemical reactions involve oxidations and/or reductions. Secondly,
approximate values of the formal potentials can be obtained from the observed peak
potentials for reversible electrode reactions. In addition, information regarding the
electron transfer kinetics can be obtained from the dependence of the peak potentials,
or the shape of the waves on the scan rate. The stability of the products formed upon
oxidation or reduction and the rates of associated homogeneous reactions involving
the products can also be studied by cyclic voltammetry. Finally, indications of
adsorption of the compounds or the reaction products can often be obtained from the
current-potential curves. Further information about oxidation and reduction reactions
can be obtained by changing the solution chemistry, i.e. pH, as the standard potentials
of organic electrode reactions often are dependent on the pH due to liberation or
uptake of protons. Other solvents than water or water/alcohol mixtures may also be
used. Aprotic solvents like acetonitrile and dimethylformamide have frequently been
used to study mechanistic details of electrode reactions. Radicals are often formed in
the latter type of media26-30 and the radical formation reactions and the fate of the
radicals are often studied with electron spin resonance-spectroscopy.22,29

An interesting application of CV is cyclic ac voltammetry. In this type of experiment,
a small alternating voltage is superimposed on the potential program and the resulting
ac-current is measured. This technique has some advantages when studying quasi-
reversible systems and homogeneous chemical reactions. Impedance analyses are
often used to analyse the frequency dependence of electrochemical reactions.23

Another useful electrochemical technique for studying organic electrode reactions is
linear scan voltammetry in conjunction with rotating electrodes. The advantages of
utilising rotating electrodes are the
larger and well-defined mass
transfer to the electrode surface by
convection. In this way, the
faradaic current is increased
compared to the stationary solution
case. By changing the rotation rate
of the RDE, the rate of mass
transfer can be changed in a
controlled way. This is useful
when electrode kinetics is
investigated.23 Furthermore, the presence of convection changes the shape of the
current-potential curve to a sigmoid curve where the current at the plateau is
controlled by the rate of mass transfer. This limiting current can be utilised for
determinations of diffusion coefficients or the number of electrons involved in the
reaction, on the basis of the Levich equation.23
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Additional examples of convective electrochemical techniques can be found in
Reference 22 and 23 and references cited therein.

Potential step methods

Potential step techniques are characterised by that the fact that the potential is stepped
from a potential where no reaction occurs to a potential in the region where
electrochemical reactions occurs. The steps can be made to a potential where both
kinetics and mass transfer limit the current, or to a potential in the region of pure
mass transfer control. In chronoamperometry, the current is measured as a function of
time while charge-time curves are recorded in chronocoulometry. For an
uncomplicated electrode reaction and pure mass transfer rate control, the current
decays with time according to the Cotrell equation,22 which states that the current is
proportional to t-1/2. The integrated Cotrell equation gives the chronocoulometric
response, which is proportional to t1/2.
Potential step chronoamperometry or chronocoulometry, as well as their double step
analogues, can also be used for studies of electrode reactions. Both electron transfer
kinetics and kinetics of homogeneous chemical reactions following electron transfer
can be studied with this category of methods. However, for homogeneous reactions, it
is regarded important that the type of following reaction has been established prior to
applying these step techniques, since the differences between the shapes of the i-t or
Q-t curves are small for different types of reaction mechanisms.23

Another technique in which a potential step is utilised is controlled potential
electrolysis, also known as coulometry.
In this case, the potential is stepped from
a potential where no reaction occurs to a
potential in the mass transfer controlled
region. Care is taken to avoid the region
where a decomposition of the
background electrolyte begins, as a 100
% current efficiency for the studied
reaction is required to extract the desired
information from the Q-t-curves. Unlike
chronocoulometry, the potential is held
constant until all of the added material
has been consumed by the electrode
process. The end of the experiment for an
uncomplicated reaction is indicated by a
decay of the current to the background
level. The total charge involved in the
reaction is a function of the amount of
substance added and the overall number
of electrons in the electrode reaction
according to Faraday’s law. The duration
of the experiment is governed by the cell
design, particularly the working electrode area to solution volume ratio, the positions
of the counter and reference electrodes and the hydrodynamic conditions in the cell.
Electrolysis times on the order of 20 to 60 minutes are often necessary to ensure
complete reactions in stirred solutions. Shorter times can be achieved with other

Figure 5 Glassy carbon crucible electrolysis
cell for coulometry. A: RE B. Salt bridge C.
WE D. Agar plug E. End frit F. N2 inlets G.
PVC housing H. WE connector I. Rubber
gaskets J. N2 outlet K. Cu ring with connective
spring blades. L. CE compartment M. Pt CE N
N2 connector tube.
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modes of mass transport such as sonication.31 Other ways to reduce the electrolysis time
required involve the use of flow through or thin layer cells.22,32

An advantage of exhaustive electrolysis methods is that no knowledge about the
diffusion coefficient is needed to evaluate the number of electrons, in contrast to most
other techniques. Another advantage is that the presence of slow homogeneous
chemical reactions that produce electroactive products may be detected as the time
scale of this kind of experiment is much longer than that used e.g. in CV. In
coulometry, this can be seen as the presence of a residual current larger than the
background current obtained in the pure electrolyte.33,34 Furthermore, the reaction
products can be sampled and identified employing other analytical techniques. The
main disadvantage of exhaustive electrolysis methods is the long time required for each
experiment. Sometimes it is also necessary to pre-electrolyse the background solution
to reduce the residual current. In Paper II, constant potential electrolysis was used for
both determinations of the number of electrons involved in the reactions and for the
generation of reaction products for subsequent analysis with different spectroscopic
methods, i.e. UV/Vis and NMR-spectroscopy. For the latter purpose, a new electrolysis
cell using a glassy carbon crucible as the working electrode was developed, see Figure
5. With this cell, exhaustive electrolysis could be carried out with the same kind of
working electrode material as that used in the voltammographic experiments.

Liquid chromatography with electrochemical detection (LCEC)

The electrochemical properties of organic compounds can be utilised for selective
detection of electroactive compounds in flow systems such as liquid chromatography,
flow injection analysis and capillary electrophoresis. The literature within the area is
vast and many different aspects of LCEC have been investigated. To mention a few,
hardware designs of cells and potentiostats, electrode materials and different electrode
pretreatments have been studied.35-47 Both constant potential and pulsed mode detection
have been employed in LCEC. The detector cell is often of the thin layer or wall jet
type when amperometric detection is utilised, whereas flow through cells have been
used in connection with coulometric detection. In paper IV, LCEC with amperometric
detection was used to determine the concentration of Olsalazine sodium in liquid
samples.

Working electrode materials
Mercury, gold, platinum and various carbonaceous materials are the most frequently
used working electrode materials in electrochemical studies of organic compounds. A
very large fraction of the organic electrochemical studies performed over the years has
been made using polarography, which essentially is LSV using a DME, or later a
SMDE, as the working electrode. With these electrodes, a small drop of mercury is
expelled from the end of a glass capillary by gravity or by applying an external pressure
on a mercury reservoir. At regular intervals, the drop is dislodged from the capillary
and the process is repeated. Every point in the i-E curve is thus recorded on a new drop.
Ordinary LSV and CV can also be made on a single drop with SMDE or HMDE
devices. Mercury electrodes have also been used in the form of mercury films
deposited on a suitable substrate such as pyrolytic carbon film, platinum or gold.48-50 The
large overpotential for hydrogen evolution in aqueous solutions and the ease of
reproducing the electrode surface make mercury electrodes very suitable for studies
of reductions. The major disadvantage from an electrochemical point of view is the
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limited positive potential range available before mercury oxidation occurs. Mercury
electrodes are thus generally of limited use in investigations of oxidations. Another
disadvantage is that mercury electrodes are prone to adsorption of organic molecules.
This sometimes causes large current maxima due to the adsorption or desorption of
compounds, unless a surface-active substance is present in the solution. The DME
suffers from large variations in the current due to the changing electrode area during
the growth of the drop, but this problem was solved by the introduction of the SMDE
and the development of modern potentiostats including current sampling and
potential pulse facilities.22

The most commonly used electrode materials for studying electrochemical
oxidations of organic substances are gold, platinum and various carbonaceous
materials. These electrode materials have much wider positive potential ranges which
in most cases are limited by the oxidation of the background electrolyte. Gold, in the
pH-range between 4 and 12,51 and most solid carbon electrodes also have wide
negative potential ranges and therefore are the most general electrode materials
available. Platinum, and gold below a pH of about 3, suffers in this respect from low
overpotentials for hydrogen evolution.51

Glassy carbon is the most commonly used carbon material for electrochemistry. It is
a hard, somewhat brittle nonpermeable carbon material that is prepared by thermal
decomposition of a preformed object made from certain polymeric resins. After the
removal of noncarbon elements from the polymer by pyrolysis, the final properties of
the glassy carbon material is obtained by heat treatment to a temperature in the range
1000 to 3000 °C.52

The most challenging problem associated with the use of solid electrodes is how to
prepare a reproducible electrode surface. Both electron transfer kinetics and
background characteristics may be significantly influenced by the condition of the
electrode surface. For sensitive electrochemical systems, such as the potassium ferro-
/ferricyanide system in 1 M KCl, variations in the electron transfer rate constant of
more than several orders of magnitude may be found depending on the treatment of
the electrode prior to the measurement.53-57 Methods to obtain reproducible and
active electrode surfaces have resulted in a large number of published electrode pre-
treatment procedures.54,55,58 Usually these procedures involve an initial polishing
procedure followed by some chemical or electrochemical pre-treatment of the
electrode in solution.59 Laser pulses have also been utilised for the activation of
carbon electrodes.57,60-62

Oxidative CV experiments in pure electrolyte solution with noble metal electrodes
show significant peaks originating from the generation and removal of surface oxide
films.51,58,63 The currents from the oxide formation or reduction may cause increased
detection limits and thus make electrochemical studies less straightforward.
However, the generation and dissolution of surface oxides can also be utilised for in
situ cleaning of the electrode surface, as in the case of pulsed electrochemical
detection of sugars in alkaline media.42,63

Influence of the electrode size on the experimental time scale in LSV and CV

The timescale of a voltammetric experiment can be changed by altering the scan rate.
The normal scan rate range when electrodes with an area on the order of 0.1 cm2 are
used is approximately 0.01 to 100 V/s. When ultramicroelectrodes, with areas on the
order of 10-6 cm2, are used, scan rates up to about 106 V/s have however been
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employed.64,65 The reason for this increased scan rate range is that both the capacitive
current and the time constant RuCdl of the electrochemical cell is greatly reduced by
the use of smaller electrode areas.64,65 Ultramicroelectrodes can therefore be used to
study very fast heterogeneous electron transfer reactions or fast subsequent chemical
reactions.23,64,66-68
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Electrochemical properties of aromatic azo compounds
In this section, a brief review of previous work in the field of azo electrochemistry
will be given, together with a discussion of chemical oxidations and reductions of
azo compounds.

Chemical oxidations and reductions of the azo group in aromatic azo compounds

Both aliphatic and aromatic azo compounds are commonly used as reaction
intermediates in organic synthesis since the azo group can be both oxidised and
reduced. The preferred oxidants are peroxides, like peracetic acid, perbenzoic acid and
hydrogen peroxide in a suitable solvent, often glacial acetic acid or methylene chloride.
The peroxides attack the lone electron pair of one of the azo group nitrogens and the
azo compound is oxidised to the azoxy compound.2,69

The oxidation of 4,4’-dihydroxy substituted aromatic azo compounds by silver oxide,70

mangane (III) diphosphate71 or lead tetraacetate72 has been reported to yield 1,4 -
benzoquinone azines. These reports indicate that the oxidation of 4,4’-dihydroxy
substituted aromatic azo compounds by transition metal ions proceeds through a
different mechanism than that involved in peroxide oxidation discussed above.
Chemical reductions of azo compounds to hydrazines are also possible. Lithium
aluminium hydride and a metal chloride in organic solvents are frequently used, but
sodium sulfide in methanol, hydrazine together with oxygen or hydrogen peroxide in
methanol, or catalytic hydrogenation can also be used.73 The reduction can in many
cases proceed to the formation of the corresponding amines, depending on the
conditions used and the substitution pattern of the azo compound.73,74

Polarographic reductions of azo compounds

Polarography has historically been the most utilised technique for examining the
reductions of aromatic azo compounds due to the properties of the DME already
mentioned. There are a large number of articles published that discuss various
aspects of azo compound reduction and the interest in this topic is continuing. The
aim of the majority of the investigations has been to study different aspects of the
electrode processes4-7,75-85 or to find suitable compounds and conditions for analytical
applications involving azo compounds.4-9,75,86

One of the major reasons for the interest in this topic is the finding that
electrochemical reductions of azo compounds are far from simple. Some of the
properties that influence the electrode process are: 1. the structure of the azo
compound, i.e. the type and positions of the substituents,5,6,79,80,85,87,88 2. the
composition of the solution, i.e. the pH,4-6,77,78,80-82,85-87,89-91 the type of buffer
components,4,82,92 the presence of surfactants4,81,82 and the solvent content,5,6,82,85,90 3.
the temperature4,82,90,91,93 and 4. the concentration of azo compound.4,82,86,90,91 The
structure of the azo compound has a pronounced effect on the overall electrode
process. Azobenzene and other monoazo compounds substituted with weakly
electron attracting susbstituents are generally reduced in a 2 e-, 2 H+ process to the
corresponding hydrazo compound.75,85,88,89 A second reduction wave, due to the
reduction of the hydrazo compound to the corresponding amines appears in acidic
solutions at more negative potentials unless strongly electron-withdrawing
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substituents, such as -SO3H, -CN and -COOH, are present. In the latter cases, stable
hydrazo compounds are instead formed.85 Compounds with at least one electron
donating dimethylamino, amino or hydroxyl group in the 2- or 4-position are more or
less directly reduced to the amines in acidic solution in a 4 e-, 4 H+ process,4,5,81,85,88,93,94

unless a strong electron attracting group is present that opposes the effects from these
groups.5 The formation of the amines in the reduction process has been attributed to a
disproportionation of unstable hydrazo intermediates.4,79,81,84 This disproportionation
reaction is often acid or base catalysed, which means that a 4 electron process may be
observed in one pH-region, whereas a 2 electron process can be observed in other pH
ranges.5,81,83 Coulometric measurements using a stirred mercury pool electrode may on
the other hand exhibit an overall 4 electron process in all media.5,81,83 The observed
deviations are a consequence of the differences between the polarographic (seconds)
and coulometric (minutes - hour) timescales. The reductions of some azo compounds
give rise to hydrazobenzenes that can rearrange to benzidine and diphenyline
derivatives in acidic solutions.75,85 Protonations or deprotonations of substituents is
another factor that may affect the electrode reaction.6,83 The electrode process can be
much more complicated if two or more azo groups are present,6,77 or when the
reduction of a substituent, such as a nitro group, is involved in the total electrode
process.75,95*

Many of the electrode process investigations published have been concerned with the
influence of the substituent type and position on the reduction potential and thereby the
free energy of activation according to equations of the Hammett type.5,6,75,80,83,87,96

Additions of an organic solvent to give concentrations in the range 10 to 50 % have
been done in most cases when neutral azo compounds have been examined because of
the low solubility of neutral azo compounds in water. Ethanol or methanol has been the
preferred solvent of choice. Although the solubility of the compounds is increased by
such additions, there also seem to be some drawbacks of such additions. The
experimental results indicate that the reduction potential is changed,5 or that the
electron transfer process becomes more irreversible82,90 and that the diffusion controlled
currents decrease6 upon such solvent addition. The situation is even further complicated
when surface active additives like Triton X-100 or gelatine are used to suppress current
maxima in the polarograms. The structure of the solution electrode interface may be
changed considerably by the strong adsorptive properties of these additives. The
adsorption of the azo compounds may hence be suppressed, depending on which
compound that has the strongest interaction with the electrode surface. The electron
transfer rates are often diminished by additions of surfactants. This can be seen as
reduced limiting currents and distorted polarograms.82 Ionic azo compounds, carboxylic
or sulfonic acids, are on the other hand often sufficiently soluble to be studied without
having to add other solvents, although the influence of adsorption on their
electrochemical behaviour still may be considerable with mercury electrodes.82,83 The
electrode surface condition and the electrochemical reduction process of azo
compounds, are ruled by complex interactions between the electrode, solvent
components and the properties of the examined substances.

                                                          
* Although Reference 95 discusses nitro-azoxy compounds, a similar reduction scheme is valid for the
nitro azo analogues as well if the potential is negative enough to allow a reduction of the nitro group. The
reason for this is that the primary reduction products is the hydrazo compounds in these two cases.
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Polarography of azo compounds in dry aprotic solvents like acetonitrile and
dimethylformamide has been applied for detailed examinations of electrode
processes.97,98 Azo compounds are generally reduced in a reversible one electron
process to the anion radical in such pure solvents. In many cases, a second, usually
irreversible, one electron reduction yielding the dianion is observed at more negative
potentials.97,98 The irreversibility of this second reaction is attributed to the ability of the
formed dianion to extract protons from the solvent.75 Azo compounds behave similarly
to aromatic hydrocarbons in pure solvents.98 The benefits of using aprotic solvents for
detailed studies of the electrode process are that compound adsorption on the electrode
is much less in such solvents and that protonation reactions can be studied in more
detail through controlled addition of a suitable proton donor compound, such as
hydroquinone.98 The experimental situation is simplified in aprotic solvents compared
to the situation in buffered protic solutions, where protons may be involved in the
reduction process in rather complicated ways.
Some investigators have used solid electrodes in studies of azo compound
electrochemistry, partly as a result of the development of pyrolytic carbon and glassy
carbon electrodes. The results from these investigations largely confirm the results
found by polarography, although some differences exist regarding electron transfer
rates.89,93,98

Oxidative electrochemical investigations of azo compounds

Studies of the oxidation of azo compounds in pure solvents, aqueous solutions or
mixtures of aqueous buffers and organic solvents have appeared only occasionally in
the literature and the number of studies concerning oxidations of azo compounds is by
far less than those dealing with reductions. Electrochemical oxidations of azo
compounds in aprotic solvents like acetonitrile have been performed in connections
with studies involving light fading of azo dyes,99 synthesis100 and electrode
mechanisms.101,102

The oxidation of Solochrome Violet RS in connection with complexometric deter-
minations of aluminium has been suggested to involve an oxidation to the azoxy
compound.7,93 Matrka et al.103 reported that 4-N,N-dimethylazobenzene was
demethylated in two steps to para-aminoazobenzene, which then was oxidised to
unidentified products at a platinum electrode in 50 % dioxane -buffer solutions. The
latter authors also suggested that the hydroxyl derivatives 4’-hydroxy-4-N,N-
dimethylazobenzene and 2’-hydroxy-4-N,N-dimethylazobenzene were initially
oxidised to a quinoid structure, followed by demethylation. Ladanyi et al.104 also
studied the oxidation of 4-aminoazobenzene in 50 % alcohol buffer and came to the
conclusion that this oxidation was similar to the oxidation of substituted anilines101,105

and that the final product is N-[4-(p-phenylazo)-phenyl]-1,4-benzoquinone-
monoimine.104 Malik et al.77 studied the bisazo dye Fast Sulfone Black-F both
reductively and oxidatively in connection with an investigation of the electrochemical
reduction mechanism of this dye. Fogg and Bhanot106,107 used linear scan and cyclic
voltammetry with glassy carbon and carbon paste electrodes for the determination of
food colorants. Among the studied colorants were several common azo dyes, such as
Tartrazine, Amaranth, Sunset yellow FCF and Black PN. Fogg and Bhanot also
developed a flow injection system with amperometric detection for the
determinations of these compounds,107 but did not study the electrode process in
detail.
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Voltammetric investigations of Olsalazine sodium and
some related azosalicylic acids. (Paper I and II)
This thesis summarises the basic voltammetric characteristics of eight azosalicylic
acids and one azoxy compound, namely the azoxy analogue of Olsalazine sodium.
The following compounds were studied: Olsalazine sodium or 3,3’-azobis-(6-
hydroxybenzoic acid) Na2-salt (I), 3,3’-azoxybis-(6-hydroxybenzoic acid) Na2-salt
(II), 2-hydroxy-5-[(3’-carboxy-2’-hydroxyphenyl)azo]benzoic acid Na2-salt (III), 2-
hydroxy-5-(phenylazo)benzoic acid (IV), 2-hydroxy-5-[(4’-carboxyphenyl)azo]-
benzoic acid Na-salt (V), 2-hydroxy-5-[(3’-carboxyphenyl)azo]benzoic acid (VI), 2-
hydroxy-5-[(4’-carboxy- 3’-hydroxyphenyl)azo]benzoic acid Na2-salt (VII), 4,4’-
azobis-(2-hydroxybenzoic acid) Na2-salt (VIII) and salazosulfapyridine or 2-
hydroxy-5-[[4-[(2-pyrimidinylamino)sulfonyl]phenyl]azo]benzoic acid (IX). The
structures of the investigated compounds are shown in Figure 6.

The reduction of the azo compounds was mainly studied in three different buffer
solutions, pH 4.5, acetic acid/NaOH; pH 7.0, H3PO4/NaOH and pH 10.0,
NaHCO3/NaOH solutions also containing 0.5 M KCl. The technique used was CV
with scan rates between 0,010 and 1,00 V/s. Scan rates of up to 100 V/s were
however also used in a few cases together with a HMDE. An SCE was used as the
reference electrode and the potentials reported in this section are given with respect
to this reference electrode. The temperature was maintained at 25.0 °C in all
experiments.

Figure 6 The investigated azo compounds.
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Electrochemical reductions of the studied azosalicylic acids

Cyclic voltammetry

The studied compounds I to IX can all be reduced at a glassy carbon electrode. The
majority of the compounds were reduced in a fairly narrow range of 90 mV between
-0.22 and -0.31V, as is shown in Table 1. The exceptions were compounds VIII and
II, with compound VIII being reduced at of -0.13 V at pH 4.5, i.e. about 90 mV
more positive than the second most easily
reduced compound while compound II
was reduced at a potential of -0.67 V. It is
also worth noticing the large difference of
about -180 mV between the reduction
potentials of compound I and VIII. The
structural difference between these two
compounds is that I has two hydroxyl
groups in the para positions and two
carboxylic groups in the meta position
relative to the azo bridge, while in
compound VIII, the positions of the
hydroxyl and carboxylic groups are the
other way around. The results indicate that hydroxyl substituents in the para position
make the reduction of azosalicylic acids more difficult. The effects of substituent
type and position may to some extent cancel out, which can result in small
differences between the reduction potentials. Compound III has an intermediate
reduction potential in spite of its ortho-para hydroxyl groups, which should result in
a similar electron donating ability as that for compound I and, as a consequence, a
reduction potential closer to that of compound I. However in compound III, the
ortho hydroxyl group can form an intermolecular hydrogen bond with the azo
nitrogen farthest from the ortho substituted benzene ring. Furthermore, sterical
hindrance of ring coplanarity in ortho substituted azobenzene compounds may also
influence the reduction potential.75,96,97 The reason for the negative reduction
potential for compound II is that azoxy compounds are much more difficult to
reduce compared to the corresponding azo analogues. Consequently, the compounds
I and II exhibit a similar behaviour as that reported for other azoxy and azo
compounds.75,88,89,108 From Table 1, it can also be seen that the reduction potentials
are pH dependent, which implies that protons are consumed in the electrode process.
A reversible reduction with an uptake of one proton for each electron would result in
a shift of -59 mV/pH-unit at 25 C°. The shifts found for the azosalicylic acids are
larger than this as the values range from -67 to -95 mV/pH. There are several
possible reasons for this deviation: First, the electrode reaction is not perfectly
reversible as is seen in Figure 7, which is further discussed below. Secondly, the
number of protons consumed probably changes within the investigated pH-range
since at least one compound, 5-ASA, has a pKa-value within this range. For 5-ASA,
the pKa,2 value has been reported to be 5.78109. Furthermore, the adsorption of the
azosalicylic compounds on the electrode might also be pH-dependent as well as the
electron transfer rates.
The reduction of the investigated compounds was found to be irreversible in all
cases, i.e. no reoxidation of the reduction product was seen at a scan rate of 0.010

Table 1 Reduction potentials at 0.010 V/s.

Compound Ep / V
pH 4.5 pH 7.0 pH 10.0

VIII -0.13 -0.38 -0.56
VII -0.22 -0.46 -0.67
V -0.23 -0.49 -0.69
III -0.23 -0.47 -0.75
IX -0.25 -0.55 -0.63
IV -0.26 -0.48 -0.76
VI -0.27 -0.47 -0.76
I -0.31 -0.53 -0.80
II -0.67 -0.85 -1.05
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V/s, except for compound VIII (see Figure 8). As is seen in Figure 7, only a peak at
about + 0.35 V can be seen subsequent to the reduction of compound I at pH 4.5.
The peak at +0.35 V arises only after the reduction of the azo compound. The other
peaks in Figure 7 originate from the oxidation of the compound. By increasing the
scan rate to 0.100 V/s or more, a reoxidation wave similar to that seen for compound
VIII could however be observed for compounds IV to VII and IX. The height of the
wave at +0.35 V was diminished, or the wave even disappeared, at these higher scan
rates. No reoxidation wave was observed for compounds I to III even at a scan rate
of 5 V/s. For compound I, only a very small reoxidation peak was observed with a
HMDE in acetate buffer when a scan rate of 100 V/s was used. This finding can be
explained by the formation of a very unstable reduction intermediate with a lifetime
of less than 10 ms which dissociates to yield two 5-ASA molecules.

Coulometric and RDE experiments

The number of electrons involved in the reduction process was estimated by two
different methods, RDE and bulk
electrolysis in pH 4.5 acetate buffer. The
results are summarised in Table 2. Bulk
electrolysis showed that four electrons are
involved in the reduction of all
compounds except compounds II and
VIII. For the compounds I, II and VIII,
the number of electrons was also
confirmed by RDE experiments. An n-
value of 4.1 was also found for compound
I at pH 7.0. The n-value obtained for
compound III was found to be about three
in the RDE measurement, but as the bulk
electrolysis value at least was approaching
four, it is likely that also this compound follows the same reaction pattern as the
other studied compounds. Further arguments for this are given below. Compound II

is reduced in a six electron process, whereas compound VIII is reduced in a reaction
involving only two electrons.
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Figure 7 Voltammogram of 1⋅10-4 M
compound I in pH 4.5 acetate buffer. Scan
rate 0.010 V/s.
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Figure 8 Voltammogram of 1⋅10-4 M
compound VIII in pH 4.5 acetate buffer.
Scan rate 0.010 V/s.

Table 2 Reduction of azo compounds at pH 4.5.

Compound Number of electrons
Electrolysis RDE

I 4.1 4.0
II 6.1 5.9
III 3.7 3.1
IV 4.1 n.d
V 4.1 n.d
VI 4.1 n.d
VII 4.0 n.d
VIII 2.1 2.0
IX 4.0 n.d

n.d = not determined.
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The experimental design in the RDE experiments in Paper I and III was somewhat
unconventional, due to the construction of the used Metrohm 628-10 controller. This
controller is designed for quantitative determinations utilising voltammetric stripping
techniques110 and relies on the use of external standards or the standard addition
technique. These approaches do not require that the actual rotation speed is known as
long as it remains constant. Therefore the controller had only an arbitrary rotation
speed setting. However, determinations of the number of electrons (or diffusion
coefficients) from the Levich equation require that the rotation rate is known. The
solution to this problem was to perform a rotation speed calibration by using an
approximate speed of 25 s-1 and measure the limiting current due to the one electron
reduction of potassium ferricyanide in 0.5 M KCl. In this case, the Levich equation
can be rearranged to:
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where the constant was determined from the ferricyanide RDE voltammogram. The
diffusion coefficient for ferricyanide in 0.5 M KCl is 7.70 × 10-6 cm2/s at 25 °C.51

The number of electrons involved in the azosalicylic compound electrochemical
reactions could then be estimated from the RDE voltammograms of the azosalicylic
acids as:
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* 2
3

(4)

In this case, a diffusion constant of 5.5 × 10-6 cm2/s was assumed for the azo
compounds. This value is in the middle of the range (5 - 6) × 10-6 cm2/s published for
other azo compounds of similar size in aqueous solutions.82,83,86 Additional
assumptions made in these measurements were that the rotation rate was the same
during calibration and analysis and that the kinematic viscosities of 0.5 M KCl and
the buffer solutions were similar. Fortunately, the influence of small variations in ω
and ν (see equation 2 or 3) on the result is rather small.

Identification of the reduction products

The reduced solutions of the studied azosalicylic acids were analysed by CV and
UV/Vis-spectroscopy. In these studies, the results were compared with those of
reference solutions of the expected reduction products. In these cases, 1:1 mixtures
of the compounds were used when two products were expected. Good matches were
found between the 5-ASA spectrum and the spectra of the reduced solutions of
compounds I, II, IV and VI in the range between 250 and 350 nm. Likewise, good
matches were found between the spectrum for a 4-ASA and 5-ASA mixture and that
for a reduced solution of compound VII, as well as for a 4-ABA and 5-ASA mixture
and the spectrum for a solution of the reduced compound V. A fair match was also
seen for the spectrum of a mixture of 3-ASA and 5-ASA and that of the reduction
product of compound III. A poor match was however found between the spectrum of
5-ASA and that of the reduction product of compound IX, probably due to the
presence of sulfapyridine in the solution in the latter case. The spectra of reduced
compound VIII and that of 4-ASA showed very large spectral differences.
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Cyclic voltammograms of the reduced solutions were also recorded. Waves
corresponding to 5-ASA were seen in the reduced solutions of compounds I, II, IV-
VII and IX. Waves due to the oxidation of 4-ABA, in the case of compound IV, and
4-ASA for compound VII, were probably found although an exact assignment is
rather difficult because of the severe electrode deactivation associated with the
oxidation of these compounds. A distorted oxidation wave due to 5-ASA was seen in
the voltammograms of compound III. This wave was most likely distorted because
both 3-ASA and 5-ASA are oxidised at nearly the same potential as is further
discussed below.

Conclusions from the reductive electrochemistry of the studied azosalicylic acids

The experimental data show that most of the compounds studied in this thesis are
reduced to the corresponding amines in a 4 e-, 4 H+ process via an unstable hydrazo
intermediate. These compound thus behave similarly as other azo compounds with
electron donating substituents in the ortho or para positions relative to the azo bridge.
The compound VIII is however reduced in a 2 e-, 2 H+ process to the hydrazo
compound. The six electron reduction of compound II can be explained by an initial
2 e-, 2 H+ process reduction of the azoxy group to the azo compound followed by a
reduction of the azo compound in accordance with the process of compound I. The
reason for this behaviour is that the reduction potential of the azoxy group is more
negative than that for the azo group, as shown for other azoxy-azobenzene
compounds.88,89

The relative stability of the hydrazo intermediate is largely reflected in the value of
the reduction potential. Thus, three different groups of compounds can be found: The
first group is composed of compounds with the most positive reduction potential and
that yield hydrazo compounds that are stable on both the voltammetric and
coulometric timescales (i.e. compound VIII). The second group of compounds have
approximately 100 mV more negative reduction potentials than the first group and
give hydrazo intermediates that are moderately stable in CV experiments but
unstable in coulometric experiments. In these cases, the hydrazo compound may be
detected by moderately fast CV (This group consists of compounds IV-VII and IX).
The third group of compounds are reduced at the most negative potentials and yield
highly unstable hydrazo intermediates that cannot be detected even by fast CV (This
group is composed of compounds I-II, and perhaps compound III). By comparing
the structures of the compounds, it is clear that this classification of compounds can
be coupled to the positions of the hydroxyl groups in the molecules. In the first
group, the hydroxyl groups are situated in the meta position while in the second
group, not more than one hydroxyl group is present in a para (or ortho) position. For
the compounds in the third group two hydroxyl groups are both positioned in the
para positions or one in the para and one in the ortho positions. The compounds
studied here therefore exhibit similar reductive electrochemical properties as other
hydroxyl substituted azo compounds.
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Electrochemical oxidation of some selected azosalicylic acids

Cyclic voltammetry

Figure 9 shows a voltammogram of compound I recorded in pH 4.5 acetate buffer
using a positive scan. It can be seen that this compound is oxidised at a potential of
approximately +0.55 V and that the oxidation product is reduced at a potential of
about. +0.50 V. This indicates that a relative stable oxidation product is formed.
Furthermore, the figure shows that the oxidation wave present at +0.35 V on the
second scan does not originate from the oxidation of compound I as it is absent on
the first scan. The reduction peak at about -0.3 V is due to the reduction of
compound I, which is replenished at the electrode surface by the reduction of the
oxidation product and by diffusion. Similar voltammograms were also obtained for
the compounds II and III, although the relative size of the reoxidation wave for
compound III was smaller compared to for the compounds I and II. An essentially
similar wave pattern was also found at the other investigated pH-values, although the
peak potentials were dependent on the pH as is shown below. The shape of the
oxidation wave remained essentially unchanged at the higher pH-values but the
rereduction wave became less well defined and also decreased in height. A similar
effect was seen when the scan rate was increased at pH 4.5.

The remaining compounds showed a significantly different oxidative behaviour.
These compounds were irreversibly oxidised at more positive potentials than those
found for the compounds I to III
independent of the pH or scan rate.
Rereduction waves were consequently
not seen for these compounds for any
scan rates or pH-values. A severe
electrode deactivation was also
observed. This deactivation can be seen
in Figure10 as the reduction wave of
compound V almost disappears after the
oxidation, in contrast to the situation for
compound I seen in Figure 9. In Figure 10, the wave shape is also different for the
oxidation wave on the second scan. For the compounds VII to IX, the effect was so
pronounced that no peak was obtained in the voltammogram even on the first scan.
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Figure 9 Voltammogram of 1⋅10-4 M
compound I in pH 4.5 acetate buffer. Scan
rate 0.010 V/s.
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Figure 10 Voltammogram of 1⋅10-4 M
compound V in pH 4.5 acetate buffer. Scan
rate 0.010 V/s.

Table 3 Oxidation potentials at 0.010 V/s.

Compound Ep / V
pH 4.5 pH 7.0 pH 10.0

I 0.54 0.40 0.25
III 0.60 0.47 0.32
II 0.72 0.58 0.42
IV 0.91 0.77 0.57
V 0.93 0.80 0.60
VI 0.95 0.82 0.60
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Instead, a more or less horizontal current level was observed. The oxidation
potentials found for the compounds I to VI are shown in Table 3. The compounds
with at the most one hydroxyl group in an ortho or para position are all oxidised at a
potential about +0.3 V, or more positive, than the oxidation potential of compound
III. The oxidation potential of compound II is shifted towards more positive
potentials compared to for compound I, i.e. about +0.19 V at pH 4.5. The azoxy
compound is more resistant to oxidation than the azo analogue, as in the reductions
of these compounds, indicating a greater stability of the former compound although
the reasons may be different upon oxidation and reduction. The oxidation potentials
of the compounds are also dependent on the pH, as is seen in Table 3. The pH-
dependence is between -52 and -65 mV/pH-unit for the compounds I to VI, which
suggests a one to one relation between the number of protons and electrons involved
in the electrode process.

Rotating disk electrode and coulometric studies

The number of electrons involved in the oxidations was only estimated for the
oxidations of the compounds I to III, due to
the problems with electrode deactivation
associated with the other compounds. The
results of these experiments are summarised
in Table 4. The number of electrons involved
in the oxidation was found to be 2.0 for
compounds I and II and 1.7 for compound
III .  The n -value for  the oxidat ion of
compound III is too low if it is assumed that all three compounds undergo similar
reactions. When coulometry was used compound I gave a constant n-value of 2.0
only at pH-values close to 7. Both
compounds II and III yielded values of
n larger than two and non-zero residual
currents. Furthermore, compound I
showed electrolysis time dependent n-
values when the pH was outside the
range 6.5 to 7.0. In these cases, the
current decayed to a roughly constant
value of between 0.5 and 3 % of the
initial current, depending on pH, as is
shown in Figure 11. By assuming that
the current due to the follow-up reaction
is negligible during the first 10 minutes of the electrolysis, the number of electrons
involved in the oxidation was estimated by non-linear regression of a simple
exponential decay function. For an uncomplicated reaction, the current is given by the
following expression:23

i i e pt= −
0                      (5)

From the regression parameters i0 and p, the number of electrons was evaluated

through: n
i

FpVCAzo
Azo

= 0
*

                     (6)

Table 4 Oxidation of azo compounds at pH
4.5 (RDE) and pH 7.0 (Electrolysis).

Compound Number of electrons
Electrolysis RDE

I 2.0 2.0
II 3.3 2.0
III 2.2 1.7
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Figure 11 Coulometric residual current - pH
dependence.
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The number of electrons found by this method was 2.0 for compound I at all tested
pH values. It was concluded that the residual current was due to a slow chemical
reaction involving the oxidation product either to yield a second electroactive
compound or a catalytic regeneration of compound I. The pH-dependence of the
residual current suggests that the chemical reaction is catalysed by both hydrogen
and hydroxide ions. It may also be noted that the pH-dependence of the residual
current was larger in acidic than in alkaline solutions. The compounds I and II were
also oxidised in unbuffered 0.5 KCl solutions. In this case, the pH of the solution
decreased from about 5.6 to about 3.5 - 3.7 after the oxidation. This qualitatively
shows that protons are liberated in the oxidations of these compounds. About 1.6 and
1 proton, respectively, were liberated according to the calculations. These
calculations are however uncertain as unknown protolysis equilibria involving the
oxidation products may influence the pH of the solutions.

UV/Vis and NMR spectroscopic studies of the oxidation products

The oxidation products of some of the oxidations were also analysed by UV/Vis-
spectroscopy. It was found that the oxidation cause fairly large spectral changes, as is
seen in Figure 12 and Figure 13. For compound I, the maximum absorbance
increases and is shifted to shorter wavelengths. The peaks between approximately
220 and 270 nm disappear and a shoulder develops at 400 nm. These closely
resemble the spectral changes caused by a chemical oxidation of 4,4’-
dihydroxyazobenzene by Mn(III).71

The visual effect is that the colour of the solution changes from a bright yellow to
deep orange. The absorbance maximum for the oxidation product of compound II is
likewise seen at shorter wavelengths than for the parent compound although the
absorbance of the oxidised solution is somewhat lower than for the start solution (see
Figure 13). The changes in the range between 200 and 300 nm are also relatively
small and only a small increase of the absorption tail in the visible range is seen. For
compound III, much larger changes were seen in the range between 300 and 500 nm
(not shown). A peak at 370 nm was replaced by a linear decrease in the absorbance
from 300 nm to 500 nm. At 370 nm, the absorbance of the oxidised solution was
only about one third of that of the start solution.
An attempt to isolate the oxidation product of compound I for identification by IR-
spectroscopy by precipitation using addition of dilute HCl addition yielded a product
with a practically identical IR-spectrum compared to that of the parent compound I.
This suggests that the addition of HCl resulted in a rapid reduction of the oxidation

Figure 12 UV/Vis spectra of compound I (solid)
and the oxidation product of compound I
(dashed).

Figure 13 UV/Vis spectra of compound II
(solid) and the oxidation product of
compound II (dashed).
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product back to compound I. Another strategy was therefore adopted to obtain
spectroscopic data for the oxidation product of compound I. In these experiments, a
1.9 ×10-2 M solution of compound I in D2O based phosphate buffer of pD 7 was
oxidised and the 1H and 13C NMR spectra for the resulting solution were then
recorded. The 1H spectra of compounds I, II (with some compound I present as an
impurity) and of the oxidation product of compound I are shown in Figure 14 to
Figure 16.

The total number of protons registered in the 1H spectra were six for all three
compounds. The hydroxyl protons of compounds I and II were not visible as they
were exchanged by deuterium ions. By comparing the spectrum of the oxidation
product in Figure16 with those of
compounds I and II in Figure 14 and
Figure 15, it can be seen that the
spectrum of the oxidation product
clearly differs from those of both
compounds I and II. Striking features
of the oxidation product spectrum
include the highly unsymmetrical
group at 7.3 ppm, the large width of
the peaks in this group, and a lack of
fine structure. A pair of doublets at
6.5 - 6.6 ppm can also be seen in
Figure 16. The peak integrals
correspond to 3 + 1 H at 7.3 ppm and 1 H each for the doublets.
A similar comparison of the 13C-spectra in Paper II also shows that all three
compounds yield different 13C-spectra. The compound I exhibit a simple 13C
spectrum containing only 7 peaks, as would be expected for a symmetrical
compound. Compound II showed a more complicated spectrum since this is an
unsymmetrical compound, although only 12 of the expected 14 peaks were observed.
The reason for this may be unresolved doublets in the spectrum or that some signals
were below the noise rejection level since the 13C signals were rather small. Not less
than 13 signals was observed in the 13C spectrum of the oxidation product of
compound I. The presence of such a large number of signals indicates that an
unsymmetrical compound is formed upon the oxidation of compound I. An assignment
of the peaks in the latter NMR spectra was attempted by comparisons with literature111

Figure 14 1H NMR spectrum of compound I. Figure 15 1H NMR spectrum of compound II.

Figure 16 1H NMR spectrum of oxidation
product of compound I.
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data and by simulation of 1H and 13C spectra. The peaks at about 187 ppm in the 13C
spectrum of the oxidation product of compound I are likely to originate from a carbonyl
carbon while the peak at about 171 ppm corresponds to a carboxylic group. In addition,
the signals at about 150 ppm can be ascribed to a C=N- structure. Two dimensional
NMR measurements were used to find correlations between the carbons and protons in
the oxidation product. In this way, the hydrogen bearing carbons were identified as
follows. The 1H doublets at 6.5 and 6.6 ppm could be correlated with the 13C peaks at
133.2 and 132.0 ppm, respectively. The group at 7.3 to 7.4 ppm in the 1H spectrum was
correlated with the 13C peaks as follows: 7.43 - 134.9, 7.36 - 139.1, 7.31 - 128.2 and
7.28 - 122.9. This leaves the 13C peaks at about 141 ppm to be ascribed to the carbons in
the rings that hold the carboxylic groups.
In an effort to further elucidate the structure of the oxidation product, simulations of 1H
and 13C spectra for the oxidation product of compound I were made in Paper II. The
proposed oxidation product structure depicted in
Figure 17, was tested in three different
ionisation states, uncharged, single charged and
doubly charged (i.e. the oxidation product with
diprotonated, single protonated and
unprotonated carboxylic groups). The
simulations based on the uncharged and doubly
charged symmetrical structures gave rise to
simulated 1H and 13C spectra with only 3 and 7
peaks, respectively. It was found that only the
unsymmetrical case resulted in spectra that, at
least on a qualitative basis, resembled the
features seen in the experimental spectra. A pair
of doublets in the range 6.5 to 6.9 ppm and a
group of three peaks close together at 7.25 ppm
were thus seen in the simulated 1H spectra. The
simulations also exhibited two peaks at 8.9 and
8.0 ppm in the 1H spectrum. To yield something
that resembles the experimental spectrum, the latter two peaks must be shifted into the
group of three peaks at 7.25 ppm. Much larger shifts for similarly positioned carbons in
the two rings were found in the simulated 13C spectrum compared to the doublets seen
in the experimental spectrum. In addition, the estimated errors were generally large for
most assignments. This clearly decreases the confidence in the simulations.
1H and 13C spectra recorded after having stored the oxidation product of compound I
for 24 h revealed that the oxidation product was mainly converted back to compound I
upon storage. Small peaks due to the oxidation product and small peaks from at least
one new compound were however also seen in the spectra. The 13C spectrum of the
stored solution was practically identical to that of compound I as is shown in Table 5.

Concluding remarks about the electrochemical oxidation of the studied compounds

The irreversible oxidation and the rapid loss of the electrode activity when
compounds IV-IX are oxidised indicate that these compounds produce unstable
intermediates, which may participate in polymerisation reactions on the electrode
surface. If the formed film is insulating, this will lead to a rapid decrease of the
exchange current and thus to a passivation of the electrode. Electrochemical

Table 5 13C NMR data.

I II OxP DeP
174.5 174.3 186.8 174.5
162.6 173.7 186.7 162.6
144.3 162.7 171.8 144.4
126.6 161.7 150.5 126.5
125.7 138.3 150.3 125.9
118.1 134.9 141.9 118.2
117.3 131.9 141.0 117.3

- 128.4 139.1 -
- 127.2† 134.9 -
- 126.4 133.2 -
- 123.7 132.0 -
- 117.5 128.0 -
- 116.5 122.9 -

†Value may have been caused by a noise
spike. OxP=Oxidation product, DeP =
Decay product.
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oxidations of phenols produce reactive phenoxonium ions in acidic and neutral
media, which readily polymerise unless they are substituted with bulky substituents
in the 2, 4 and 6 positions.112,113 If its assumed that the oxidations of compounds IV
to IX initially produce phenoxonium ions, all of these compounds have one or
several of the possible coupling positions unoccupied and thus available for
dimerisation or polymerisation reactions.
The situation is quite different for the oxidation of compounds I-III. If two hydroxyl
substituents are positioned in either both para (compounds I and II) or in the ortho-
para position (compound III), a stable oxidation product is obtained. The oxidation
process of these compounds involves two electrons as shown by coulometry and the
RDE- experiments. A proposed scheme for the oxidation of compound I is depicted
in Figure 17. Most of the experimental observations, such as a number of electrons of
two, a pH-dependence of about -60 mV/pH-unit and a reducible oxidation product,
are compatible with this scheme. The UV/Vis, 1H NMR and, at least in part, the 13C
NMR spectroscopic results also agree with the proposed formation of a
benzoquinoneazine structure. These data, together with the finding that the
voltammograms for compound I do not show a wave for compound II although
compound II is oxidisable, definitely rule out the possibility that the oxidation of
compound I yield compound II. A remaining question that still complicates the
interpretation is that the 13C NMR spectrum indicates that some kind of asymmetry
must exist in the molecule. A singly deprotonated oxidation product would provide
such an asymmetric condition, but the assumption of an undissociated carboxylic
group at pD 7 is doubtful as carboxylic acids normally are deprotontated at this pD
and since the voltammetric experiments indicate that no change in the number of
liberated protons occurs in the pH range between 4.5 and 10. The carboxylic pKa-
values for compound I have been determined to 2.07 and 2.85, respectively.114

Corresponding schemes to that of compound I in Figure 17 can be assumed to apply

for the compounds II and III. Although, the proposed scheme describes the overall
electrode process, further details about this scheme are still needed, since both the
coulometric as well as the NMR results show that other slow processes also are
involved. The NMR data indicate that a regeneration of compound I occurs in stored
solutions of the oxidation product of compound I. The scheme in Figure 17 is
analogous to the oxidation pathway valid for hydroquinones, aminophenols and
catechols with the modification that resonance stabilisation of the oxidation product
is extended over both rings. In the present scheme, the azo bridge would act as a
provider of an extended conjugation.

Figure 17 Proposed oxidation scheme for Olsalazine sodium.



23

A major conclusion from the electrochemical oxidation experiments is that the
studied compounds are oxidised according to a scheme, where the initial step is
analogous to that for the oxidation of phenols and dihydroxybenzene compounds.
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Voltammetric oxidations of aminosalicylic acids (Paper III)
In this section, the electrochemistry of three aminosalicylic acids, 3-, 4- and 5-ASA
is summarised. The compounds 3-ASA and 5-ASA are formed upon the reduction of
the azo compounds I to VII and IX, previously discussed. The studies of these
compounds are good examples of how CV can be utilised to study complex reaction
processes.
The experimental set-up in these investigations was the same as that used in the
previous section concerning the CV and RDE-experiments. However, in the present
case, two additional pH-values were studied, pH 1 (0.1 M HCl) and pH 2.0 (0.1 M
H3PO4 / NaOH).

Voltammetry of aminosalicylic acids

Both 5-ASA and 3-ASA were found to be easily oxidised at a glassy carbon
electrode, as is seen in Figure 19 and Figure 22. On the forward scan, the
voltammetric wave is peak shaped and rather well defined for both compounds,
although an adsorption
prewave is present in the
voltammogram of 3-
ASA. 4-ASA can also be
oxidised at a glassy
carbon electrode but in
this case is the wave is
barely peak shaped at a
scan rate of 0.010 V/s.
The experimentally
found peak potentials for the studied compounds are listed in Table 7. As seen in this
table, the oxidation potential is pH-dependent at least in acidic solutions The slope
ranged between -55 and -65 mV/pH, which shows that protons are liberated in the
electrode process and that there is a 1:1 ratio between protons and electrons. There is
a tendency for the oxidation potential to level off in neutral and alkaline media for 5-
ASA, which may be an effect of a changed number of liberated protons or other
changes in the electrode process.
The voltammograms of 4-ASA exhibit the same general appearance independent of
the pH and scan rate, with only a single oxidation wave on the forward scan and no
rereduction wave on the return scan (see Figure 21). The oxidation wave showed
only a limited decrease in the current after the peak and the current increased at even

Table 6. Investigated compounds.

Compound R1 R2 R3

3-ASA NH2 H H
4-ASA H NH2 H
5-ASA H H NH2

2,3-DHBA OH H H
2,5-DHBA H H OHFigure 18 Structure of the

aminosalicylic acids.

Table 7 Peak potentials for a scan rate of 0.010 V/s.

Compound Ep,o / V
pH 1.0 pH 2.0 pH 4.5 pH 7.0 pH 10.0

3-ASA 0.62 0.56 0.38 0.27 0.13
4-ASA 0.78 0.70 0.58 n.d. n.d.
5-ASA 0.58 0.52 0.35 0.19 0.16
2,3-DHBA 0.57 0.53 0.38 0.24 0.09
2,5-DHBA 0.50 0.46 0.29 n.d. n.d.
n.d. = Not determined
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more positive potentials. In most cases, the oxidation peak on the second and
subsequent scans, indicating electrode deactivation by the build-up of an
electroinactive film on the electrode surface.

The shapes of the oxidation waves for 3- and 5-ASA were very dependent on the pH
and scan rate. At low pH values and slow scan rates, both compounds were
irreversible oxidised. In this case, no rereduction of the original oxidation product
was thus observed. Instead additional waves from new redox couples appeared at less
positive potentials. By increasing the scan
rate for 5-ASA to 0.100 V/s (Figure 20),
the relative sizes of the reduction peaks
were changed as the wave at about +0.45 V
increased in size at the cost of the wave at
+0.25 V. A new oxidation wave was also
seen on the second scan. A further increase
of the scan rate to exceed 1 V/s resulted in
the development of a reduction peak
involving the primary oxidation product
and the disappearance of the waves seen at
the lower scan rates. The stability of the
primary oxidation product was increased when the pH was increased. This is
supported by the finding that the primary reduction wave could be observed at lower
scan rates at higher pH values. Consequently, only a single pair of waves was
observed at pH 7 using a scan rate of 0.010 V/s. The primary oxidation product of 3-
ASA was found to be less stable than the 5-ASA counterpart as signs of a rereduction
wave could not be observed until the scan rate was increased to 10 V/s at pH 1 for 3-
ASA. A similar trend as that seen for 5-ASA was observed for 3-ASA when the pH
was increased, although a single pair of waves was not observed at any pH for a scan
rate of 0.010 V/s.
From the RDE-voltammograms, the number of electrons involved in the oxidations
was found to be 2.1 - 2.2 for 5-ASA for all studied pH and 2.2 - 2.3 for 3-ASA for
pH-values in the range between 4.5 and 10, assuming a diffusion coefficient of 7×10-6

cm2/s. An n-number of only about 1.5 was found for 3-ASA at pH 1 and 2, which
might be the result of film formation on the electrode surface. This hypothesis is
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Figure 19 2⋅10-4 M 5-ASA pH 1 scan rate
0.010 V/s. Solid line: First scan. Dashed
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Figure 20 2⋅10-4 M 5-ASA, pH 1, scan rate
0.100 V/s. Solid line: First scan. Dashed
line: Second scan.
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Figure 21 2⋅10-4 M 4-ASA pH 1, scan rate
0.010 V/s. Solid line: First scan. Dashed
line: Second scan.
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supported by the finding that the RDE-voltammograms showed deviations from a
normal sigmoid curve at these pH values. No n-values could be obtained for 4-ASA,
since a rapid deactivation of the electrode gave rise to peak shaped RDE-
voltammograms that resulted in that the mass transfer limited current could not be
determined.
Prolonged electrolysis of 3-ASA at pH 2 and 5-ASA at pH 4.5 resulted in the
formation of electroactive films on the electrode surface. The obtained film for 5-
ASA was however not stable as it was stripped off the surface on the first scan. The
film formed from 3-ASA could on the other hand be cycled several times with only
minor changes in the peak shape, provided that a positive switch potential of less
than +0.75 V was used.

Voltammetry of dihydroxybenzoic acids

The oxidations of 3- and 5-ASA are likely to produce quinoneimines as the primary
oxidation products. It is known that oxidation of the structurally similar
aminophenols yields quinoneimines, which are easily hydrolysed in acidic solutions
to yield benzoquinones.115,116 The corresponding hydrolysis products for 3- and 5-
ASA would be 2,3- and 2,5-DHBA, respectively. For this reason, the voltammetry of
these compounds was investigated with CV to try to identify the additional redox
waves found in the 3- and 5-ASA voltammograms.

As seen in Table 7, the oxidation potentials of 2,3- and 2,5-DHBA are lower than for
3- and 5-ASA, respectively, in the pH-range between 1 and 10 (1 and 4.5 for 2,5-
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Figure 22 2⋅10-4 M 3-ASA pH 1, scan rate
0.010 V/s Solid line: First scan. Dashed line:
Second scan.
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Figure 23 2⋅10-4 M 3-ASA pH 1, scan rate
0.100 V/s Solid line: First scan. Dashed line:
Second scan.
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Figure 24 Oxidation of 2⋅10-4 M 2,3-DHBA
pH 1.0. Scan rate 0.100 V/s. Solid line: First
scan. Dashed line: Second scan.
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Figure 25 Oxidation of 2⋅10-4 M 2,5-DHBA at
pH 1.0. Scan rate 0.100 V/s. Solid line: First
scan. Dotted line: Dashed scan.
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DHBA). The difference between the oxidation potential for 2,3-DHBA and 3-ASA
was found to be less than about 50 mV, which made the detection of the oxidation
waves for 2,3-DHBA in the 3-ASA voltammograms difficult. The pH-dependence of
the peak potentials of 2,3-DHBA and 2,5-DHBA in acidic solutions was similar to
that for the aminosalicylic acids, i.e. -55 to -65 mV/pH.
The appearance of a second pair of waves at about + 0.3 V on the second scan in
Figure 24 and Figure 25 shows that also the oxidation products of the
dihydroxybenzoic acids are unstable. The relative sizes of these waves diminished at
scan rates of 0.100 V/s or more while the size of the normal reduction waves
increased. It appears that the second redox couple in the 2,3-DHBA voltammogram
is adsorbed since the waves are rather bell shaped and the separation between the
peak potentials is small, i.e. 13 mV at pH 1.0 and 0.100 V/s. In addition, the peak
current was found to be proportional to the scan rate rather than to the square root of
the scan rate. An increase in the stability of the oxidation product was seen when the
solution pH was increased so that essentially reversible voltammograms were
obtained at pH 7 for 2,3 DHBA and at pH 4.5 for 2,5-DHBA.

Concluding remarks concerning the electrochemistry of aminosalicylic acids

The aminosalicylic acids studied here are electrochemically oxidised along two
different routes, depending on the positions of the amino and hydroxyl groups. 3-
ASA and 5-ASA, for which these groups are present in the ortho or para position
with respect to each other, are fairly easy to oxidise and give rather stable oxidation
products in neutral solutions. For 4-ASA, the amino and hydroxyl groups are in the
meta position. The effect of this is that the oxidation requires a more positive
potential and that the oxidation product is very unstable and reactive. This reactivity
often results in polymerisations on the electrode surface and a passivation of the
electrode. A similar type of electrochemical behaviour is commonly seen for phenol
oxidations.112 Assuming that the electrochemical oxidation of aminosalicylic acids
proceeds in a similar fashion as for aminophenols, the oxidation of 3- and 5-ASA
should initially lead to the formation of the corresponding benzoquinonenimines. The
results of the RDE-experiments, as well as the pH-dependence of the oxidation
potential, indicate that 3-ASA and 5-ASA are oxidised in a 2e-, 2H+ reaction, in
accordance with a quinoneimine formation.117 The electrode process is, however,
complicated by the presence of pH dependent chemical follow-up reactions, as seen
from the dependence of the wave shape on pH and scan rate. The oxidation of
aminophenols to benzoquinoneimines is followed by an hydrolysis to yield quinones in
acidic solutions.116,117 However, substituted benzoquinones may be hydroxylated
further, especially if electron withdrawing substituents, such as -COOH and -NO2, are
present.118,119 An hydrolysis of the benzoquinones formed upon hydrolysis would result
in the formation of the trihydroxy compounds upon reduction. Cyclic voltammetry of
2,3- and 2,5-DHBA were performed to compare the electrochemical oxidation of these
compounds with that of 3- and 5-ASA. The oxidation wave of 2,5-DHBA correlated
well with the wave seen immediately prior to the oxidation wave of 5-ASA on the
second scan at 0.100 V/s. In addition, the wave resulting from the follow up reaction of
2,5-DHBA was found to compare well with the wave observed at 0.3 V in the 5-ASA
voltammogram. The hydrolysis product of 2,5-DHBA has been reported to be 2,3,6-
trihydroxybenzoic acid, which is oxidised at +0.3 V in 0.1 M perchloric acid.119 A
similar match between the oxidation wave of 2,3-DHBA and the corresponding wave
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in the voltammograms of 3-ASA could not be made, since a wave due to 2,3-DHBA
could not be observed in the 3-ASA voltammogram. If 2,3-DHBA is formed, the
oxidation wave would be masked by the 3-ASA wave, as the difference between the
oxidation potentials of these compounds is too small. The match between the wave at
+0.3 V in the 2,3-DHBA voltammogram and the corresponding wave in the 3-ASA
voltammogram was however convincing.
5-ASA has been reported to produce oligomeric products upon chemical oxidations in
solutions, in pharmaceuticals and
in faeces.120,121 It is possible that
similar products and related
compounds are involved in the
formation of the films during
electrochemical oxidation of 3-
and 5-ASA.
In Figure 26, a proposed reaction
scheme for the different
electroactive components in the
voltammograms of 5-ASA is
shown. According to this scheme,
5-ASA is reversibly oxidised in a
2e-, 2H+ process to the
quinoneimine (a). The quinone-
imine may then be hydrolysed to a
2-carboxy-1,4-benzoquinone  (b)
or participate in polymerisation
(c), depending on the pH of the
solution. The 2-carboxy-1,4-
benzoquinone can be reduced to
2,5-DHBA (d) or be nucleo-
philicly hydroxylated to yield
2,3,6-trihydroxybenzene119 (e).
The latter compound can then be
oxidised according to reaction (f).
Further studies are however
necessary to definitely establish
the complete reaction pathway.

Figure 26 Proposed oxidation scheme for 5-ASA
oxidation.
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An application of the voltammetric results to LCEC-
determinations of Olsalazine sodium in liquid samples
(Paper IV)
As discussed previously, the electrochemical properties of organic compounds can
also be utilised for selective detection of the compounds in different types of flow
systems. In this section, an application of LCEC to the determination of compound I
in connection with solubility measurements is briefly described.
In Paper IV, a straightforward LCEC-system was used consisting of a reciprocating
pump, a pulse dampener, a manual injector, a 100×4.6 mm C18 reversed phase
column and an electrochemical detector. The electrochemical detector consisted of a
commercial thin layer cell (Bioanalytical Systems TL-5A) with a glassy carbon
electrode, an Ag/AgCl/ 3 M KCl reference electrode and a stainless steel counter
electrode connected to a locally designed potentiostat based on the voltage follower /
current follower design.22 The cell was positioned inside a Faradaic cage in order to
reduce noise. Insulation
between the detector cell and
the rest of the chromatograph
was accomplished by connect-
ing the cell inlet to the column
outlet by a short piece of 0.25
mm inner diameter Teflon
tubing. The chromatograms
were recorded on strip chart
recorders or by use of an
integrator. The mobile phase
consisted of 64 to 67% 20 mM
citric acid buffer of pH 5.1 and
36 to 33 % methanol by volume also containing 5×10-6 M Na2EDTA. As an
alternative mobile phase, 25 mM acetate buffer of pH 5.0 was also used as the
aqueous part of the mobile phase. The latter mobile phase did however give rise to
more tailing front effects which interfered with the determinations of low
concentrations of compound I.

LCEC-results

In Figure 27, hydrodynamic voltammograms for the compounds I and III are shown.
A proper detection potential for an amperometric detector can easily be selected from
this type of plot of the current versus the potential. The operation of this kind of
electrochemical detector is preferably carried out under mass transport controlled
conditions, i.e. at potentials where the magnitude of the current is independent of
potential. A suitable potential for the detection of both compounds I and III is thus
about +0.65 V. In this study, compound III was investigated as it previously has
been used as an internal standard in determinations of compound I.15 The retention of
compounds I and III was found to be satisfactory for both compounds using a
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mobile phase containing 67 % of the aqueous buffer. Retention factors (k´) of 8 and 4
were found for I and III in this system.
The linear range for the detector response was tested by injecting solutions of
compound I with concentrations in
the range 1×10-9 M to 1×10-3 M at a
detector potential of +0.7 V. The
linear range was evaluated by
calculating a response function
defined as:122

RF
i

C
p=
I

(7)

and by plotting the value of this
function as a function of the
logarithm of the concentration. In this
way, any non-linear effects are more
easi ly seen when the test  range
stretches over several orders of magnitudes.122 The linear range found was about
5×10-9 to 2×10-4 M, corresponding to 100 fmol to 4 nmol for an injection volume of
20 µl (Figure 29). The linear range was defined as the response range within ±10 %
of the mean in the linear range.
This is less stringent than the
limits proposed in Reference
122. However, in the present
study the non-linear
contributions from the complete
chromatographic system is
included in the found range. The
relative standard deviation for 5
to 10 injections of 1 pmol of
compound I was less than 1 %.
It was found that a reduced
response was sometimes
observed if the chromatographic
system had been left operating
overnight. The response could
sometimes be restored by disassembling the cell and wiping the electrodes with an
ethanol soaked Kleenex tissue. A repolishing of the working electrode was necessary
when the wiping with the tissue was not enough to restore performance. It was found
that the original response could not be fully restored unless 5 to 10 injections of a
standard solution were first made. The reason for this behaviour is unknown and
needs to be investigated further.
The LCEC-method was used in connection with the determination of chemical
properties of compound I in aqueous solutions.114 The solubility of compound I is
very limited in acidic solutions and samples from acidic buffers were analysed for
the content of compound I by both the LCEC-method and UV/Vis spectroscopy at
363 nm.114 The two methods yielded results within 1 % of each other. The results
obtained by the LCEC-method are shown in Table 8. A chromatogram obtained for a

Figure 28 A chromatogram for 1 µM of
compounds I and III.
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pH 1.0 solubility sample is shown in Figure 30. At this concentration of compound I
was the precision of the LCEC method was better than that for the UV-method.
As compound I is reducible, the LCEC measurements could also have been made by
reductive LCEC. As was previously described the reduction of compound I involves
four electrons. However,
reductive LCEC requires
thorough deoxygenation of

both the eluent and the
samples to be useful.123,124

This means that a more
complicated equipment and sample treatment would be required, which may
outbalance the theoretical benefit of a factor of two with respect to the sensitivity.

Figure 30 LCEC chromatogram of A a 480 fmol standard
of compound I. B. solubility sample of compound I at pH 1.
and C. a 660 fmol standard. Two consecutive injections
were made of each solution.

Table 8 Concentrations of
compound I found by LCEC.

pH CI / µM
1.0 0.020
2.7 0.18
2.8 0.29
3.0 0.52
3.5 3.6
3.5† 3.7

†Also containing 10 mM
Mg2+.
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Concluding remarks
The electrochemistry of some aromatic azo compounds, including Olsalazine sodium
and salazosulfapyridine, and the azoxy derivative of Olsalazine sodium, has been
investigated in Paper I and II. All of these compounds are both oxidisable and
reducible at glassy carbon electrodes. The structures of these compounds have a
pronounced effect on both the oxidation and reduction potentials, as well as the
electrochemical reaction pathway. It has been shown that compounds with at least
one hydroxyl group in the para (or ortho) position are all reduced to the amines in a 4
e-, 4 H+ process. This was demonstrated by cyclic voltammetric and coulometric
investigations, with some additional support from UV/Vis studies.
The studied compounds can be divided into two groups based on their
electrochemical oxidation properties. Compounds with at the most one hydroxyl
group in an ortho or para position relative to the azo bridge are all irreversibly
oxidised and show pronounced deactivation of the electrode upon repeated scans.
Fairly high positive oxidation potentials are also found for these compounds. The
compounds in the other group have two hydroxyl groups in the para positions, i.e.
Olsalazine sodium and its azoxy analogue, or one group in the ortho and one in the
para position. These compounds are oxidised at significantly lower potentials
compared to the first group and the oxidation products are stable on the voltammetric
timescale. Coulometric results show that the oxidations of these compounds involve
two electrons. The results of these experiments also reveal that the oxidation
products can be oxidised further as non-zero residual currents were observed except
at pH values close to 7.
It is clear that the oxidation of Olsalazine sodium does not result in the formation of
the corresponding azoxy compound, i.e. compound II. There is thus no oxidation
wave in the region where the azoxy compound II is oxidised in the voltammograms
of Olsalazine sodium. The UV/Vis spectra of Olsalazine sodium, the azoxy
compound and their oxidation products are also all different. In addition, the results
of the 1H and 13C NMR studies show that the spectra for Olsalazine sodium, azoxy
compound and the oxidation product of differ significantly. The 13C-NMR indicate
that the oxidation product of Olsalazine sodium is a benzoquinone azine compound
using carbon electrodes, although there are still some unanswered. A complication in
these measurements was the limited stability of the oxidation product, which so far
not has been possible to isolate as a salt.
The electrochemical and spectroscopic investigations summarised in this thesis
suggest that the oxidation of the studied azo compounds proceed in a similar fashion
as for phenols and aromatic dihydroxy compounds. Compounds that can form
resonance stabilised oxidation products thus show well-defined voltammetric waves
without signs of electrode deactivation. The other compounds may be oxidised to a
reactive phenoxonium ion, which results in extensive polymerisation and electrode
deactivation as have previously been found for phenols.
The electrochemical oxidation of 3-, 4- and 5-aminosalicylic acids show a similar
pattern as that of the azo compounds, with 4-ASA being irreversibly oxidised and
causing deactivation of the electrode. Both 3-ASA and 5-ASA are more easily
oxidised than 4-ASA and show much less tendency for electrode deactivation. The
latter two compounds are involved in rather extensive chemical follow up reactions
as shown by the appearance of additional redox waves in the voltammograms. Both
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3-ASA and 5-ASA polymerise at pH 2 to 5, yielding electroactive surface films. The
films resulting from 5-ASA oxidation are unstable but the film obtained by oxidation
of 3-ASA at pH 2 could be redox cycled 15 times with only a minor loss of activity.
Finally, it has been shown that electrochemical oxidation can be utilised for the
determination on Olsalazine sodium by amperometric detection in LCEC. This
detector type is both selective and sensitive, which allowed the detection of
Olsalazine sodium down to a concentration of about 2 nM.
The findings in summarised in this thesis open up several opportunities to further
studies. One line of future investigations is to expand the oxidation studies to other
types hydroxyl substituted azo compounds, such as azo naphthalenes and
heterocyclic azo compounds. Furthermore, more thorough pH-studies and an
expansion of the investigated pH-range to more acidic values by study the
corresponding sulfonic acids, since these compounds usually are soluble at lower pH
than the salicylic acids studied in this thesis. This could gain insight if the results
found in this thesis are applicable to other azo compounds. This may also provide
additional knowledge about the fate of the oxidation products. Additional
spectroscopic characterisations of the oxidation products of compounds I and II by
mass spectrometry and NMR with on-line sampling are other investigations of
interest.
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