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CHAPTER 1

GENERAL INTRODUCTION

1.1 Introduction to dopamine (DA)

DA is an organic molecule that plays an important role in the brain and body. DA can also
be found in plants and multicellular animal. In human, it is synthesized in the brain from its
precursor, L-3,4-dihydroxyphenylalanine (L-DOPA) as shown in Fig. 1.1. DA acts as one of the
main neurotransmitters in the central nervous system which consist of the brain and spinal cord.
DA is also the precursor of other neurotransmitter such as norepinephrine (NE) [1]. DA, NE and
also epinephrine (E) make up the catecholamine group where their basic molecular structures are
the catechol and the monoamine moieties.

Research in DA is important since DA and its oxidation products have been studied due to
their roles in the Parkinson’s and Alzheimer’s diseases [2]. In addition, the various possibilities
of oxidation of catecholamine may be related to the biochemical theories of mental illness,
particularly schizophrenia [3]. Due to the important roles of DA, we chose to investigate and
clarify the electrochemical and chemical reactions of DA since the present studies on
electrochemical reactions of DA are scarce. Besides that, the similarities of the structures (amino
side chain and catechol) among L-DOPA, DA and NE will make it possible for the results of this

study to be applied to the studies of L-DOPA or NE as has been done by other previous studies.
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Fig. 1.1. Biosynthesis pathway of DA (AADC =Aromatic L-amino acid decarboxylase;

DBH = Dopamine B-hydroxylase).

Previous research topics on DA can be divided into five general categories: (1)
electrochemical behaviour of DA [2-5], (2) electrochemical behavior of DA on modified
electrodes [6-13], (3) computational studies of DA [14-15], (4) electrode modification with DA
[16-18] and (5) polymerized DA [19-20]. Some of these studies are also combined depending on
purposes of study. Every research category was done based on their goals. Category (1) studies
were done to investigate the DA oxidation effect of the disease related to the brain. The common
goals of Category (2) studies are selective determination of DA or prevention from electrode
fouling. Research in Category (3) provides data for comparison to experimental results. DA is
used as electrode modifier in Category (4) and finally, Category (5) involves the polydopamine

material research.

Since there are limitless data in the study of DA reaction on modified electrodes and also
DA polymerized film study, in this research, we will focus on the electrochemical behavior of
DA, specifically the electrooxidation pathways of DA. Then, DA will be covalently bound to the
electrode surface. The study will be divided into 3 major parts; (1) Electrochemical study of DA

and 5-MDA on bare electrodes, (2) Electrochemical study of DA and 5-MDA incorporated in



Nafion film and (3) Electrochemical study of DA and DA-PQQ composite covalently bound on

chemically modified electrodes.

1.2 Background of research
1.2.1 Electrochemistry of DA

DA is known to react differently and produce different oxidation products based on the
solution’s pH it contained. Besides that, different concentrations of DA also affect the
electrochemical reaction of DA where at high concentration of DA, faster chemical reactions
(such as dimerization, polymerization) may occur which will affect the DA reaction [4,9,19].
Hence, more studies need to be conducted to understand the electrochemistry of DA and also the
intracyclization reaction (ICR) of its oxidation product (dopamine o-quinone) in various pH.

In this study, the experimental results will be supported by the results obtained from the
theoretical calculations where the HOMO/LUMO energies, Gibbs free energies of the
electrochemical and chemical reactions (can be used to estimate the redox potential of
electrochemical reaction) and natural charges of DA will be done. These data will be supporting
the electrooxidation pathway of DA model we are proposing besides giving insights on the
electrochemistry of DA.

The key reaction in electrooxidation pathway of DA is the intracyclization reaction of
DA. Even though this reaction has an important effect on the reaction of DA, not much of this
chemical reaction is known. To understand this, an analog of DA called 5-Methyldopamine (5-
MDA) was synthesized in order to further confirm the intracyclization and its effects on the DA

reaction. The name of 5-MDA is based on the nomenclature by IUPAC (Fig. 1.2). 5-MDA was



chosen as the DA analog in this study since there has been no report on 5-MDA and previous

researches have dealt with 5-OHDA, 5-FDA and 4-MC (Fig. 1.3).
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Fig. 1.2. Redox reaction of 4-(2-aminoethyl)-5-methylbenzene-1,2-diol (or 5-MDA.).
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Fig. 1.3. Analogs of DA.

1.2.2 Electrochemical reaction of DA on Nafion-modified electrode

Nafion is a perfluorinated ion-exchange polymer material (Fig. 1.4). It is thermally and
chemically very stable and insoluble in water. The dissociable proton allows incorporation of
positively charged redox species via ion-exchange [21]. Due to these properties of Nafion, it is
an attractive choice for selective determination of DA using modified electrodes. This is due to
the electrostatic attraction between the negatively charged Nafion and positively charged DA.

Thus, Nafion repels the negatively charged molecules which coexist in the biological sample (eg.,



extracellular brain fluid) such as ascorbic acid (AA). Besides that, Nafion film on electrode
surface could protect the electrode from becoming insensitive due to the oxidation products of

DA strongly adsorbed on the electrode surface (i.e, fouling).
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Fig. 1.4. Chemical structure of Nafion.

1.2.3 DA covalently bound to the electrode surface through diazonium reduction

Electrode modification through reduction of diazonium cation is a popular technique due
to its simplicity of the technique and stability of the modified electrode [22]. The technique used
in this study involves the in situ generation of diazonium cation by mixing aqueous acidic
solution or acetonitrile with amine. Then, the aryl radical formed is reduced on the electrode
surface through electrochemical reduction. This technique provides formation of strong bond
between the surface and the bound molecule. In the post-functionalization step, the terminal
groups of the stably attached organic layer can be functionalized further by attaching
biomolecules, enzymes or neurotransmitters [23] for various applications. Thus, in this study,
this technique will be used to attach p-benzoic acid (PABA) on the electrode surface and then

DA will be attached to the PABA through amide bond coupling.



1.2.4 Electrohemical oxidation of ascorbic acid (AA)

In biological sample, DA coexists with other interference molecules such as AA (Fig.
1.5). Selective determination of DA is very important since AA can affect the measurement of
DA in the sample. The AA oxidation peak potential is near to that of DA which made the two
peak currents overlap and leads to difficulty in accurately quantifying DA. After the electrode
modification, the peak potential could be shifted thus separating both peak currents [8,10,11].
Besides that, AA oxidation on bare electrode could result in the fouling of electrode and results
in an inaccurate AA measurement. Also, it is expected that the oxidized form of DA (i.e,
dopamine o-quinone) oxidizes AA. Thus, in this study, application of DA-modified electrode for

AA measurement will be attempted.
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Fig. 1.5. Redox reaction of ascorbic acid (AA).

1.3 Objectives
There are two main objectives of this research:
1- To propose an extended DA electrooxidation pathways

2- To investigate electrochemistry of DA bound on chemically modified electrodes



1.4 Thesis outline

Chapter 1 briefly introduces DA and explains the current research on DA being studied

by other researchers. The significance and aims of this research is also stated.

In Chapter 2, electrooxidation pathways of DA are researched. Electrochemistry of DA is
studied through experimental and theoretical calculations. For the experimental part, effect of pH
of solutions, time duration of holding oxidation potential, continuous potential cycles, potential
scan rates and also concentrations on the redox reactions of DA is investigated. Calculations of
Gibbs free energy, HOMO/LUMO energies and natural charges of DA are done. The results

obtained from this chapter support the model of oxidation pathways of DA.

In Chapter 3, the electrochemical behavior of analogue of DA, 5-MDA is studied. The
results of experiments and calculations obtained are slightly different from those obtained for
DA due to the methyl group at C5 position of benzene ring of 5-MDA blocked the
intracyclization reaction from occurring. The results from this chapter also supported the

oxidation pathways of DA and the intracyclization reaction has been clarified.

Electrochemical reactions of DA and 5-MDA on Nafion modified electrode are examined
in Chapter 4. DA and 5-MDA are incorporated into the Nafion film at acidic and neutral pH
through electrostatic attraction between the negatively charged sulfonate groups in Nafion and
positively charged amino groups in DA and 5-MDA. The comparison between incorporation

behavior at different pH solutions and effect of methyl group in 5-MDA are discussed.

Electrodes are chemically modified with p-aminobenzoic acid (PABA) and DA through
diazonium reduction technique and amide bond coupling in Chapter 5. Modification of GC and
EPPG electrodes is done to compare the diazonium reduction on different carbon electrodes.

7



Electrochemistry of DA covalently bound to PABA-modified electrode was examined. Due to
the DA strongly bound to the electrode, AA oxidization study is done with the modified

electrodes.

Since the reduction of diazonium and amide bond coupling technique (as in Chapter 5)
successfully bound DA stably on chemically modified electrodes, the same technique is applied
in Chapter 6. However, the PABA is changed to p-phenylenediamine (PDA) and another redox
active molecule is added which is pyrolloquinoline quinone (PQQ). In this chapter, PDA was
attached on the electrode surface first. Next, carboxyl group of PQQ reacted with the amino
group of PDA forming amide bond. Finally, amino group of DA formed amide bond with
another carboxyl group of PQQ. This modified electrode’s electrochemistry is studied in various

pH, and the modified electrode is applied to AA oxidation.

In Chapter 7, all the results obtained from Chapters 2 to 6 are summarized.
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CHAPTER 2

ELECTROCHEMICAL BEHAVIOUR OF DOPAMINE (DA)

2.1 Introduction

Electrochemical behavior of DA has been extensively studied due to its role in the
Parkinson’s and Alzheimer’s diseases [1]. On the other hand, DA has also been studied
extensively due to the versatile properties of the polymerized DA which can be applied in energy,
environmental and biomedical fields [2]. In both fields, neuroscience and the non-neuroscience,
the information about oxidation mechanism of DA is very important. However, the fundamental
studies regarding the oxidation mechanism from DA to the polymerized DA are few, and more

researches are needed to understand the oxidation mechanism in depth.

The DA oxidation mechanism is very complicated and has been proposed to follow an
ECC (electron transfer-chemical reaction-chemical reaction) pathway [3]. This means that
spontaneous chemical reaction will occur after the electrochemical reaction (oxidation reaction)
takes place. The spontaneous chemical reaction such as intracyclization will lead to the
formation of new molecules such as leucodopaminechrome and the DA oxidation products
finally polymerized to form a melanin-like compound. In this chapter, we aim to clarify the
intracyclization reaction (ICR) since no research has been done yet to understand this chemical

reaction.

Many studies have been done on the redox reaction of DA and it is well known that it is a

pH dependent reaction [3][4]. This means that any reaction of DA or its oxidation product will

10



occur depending on the solution’s pH which leads to shift in the potential. Besides that, fast scan
voltammetry technique (potential scan rate: v ~ 400 Vs™) has been employed when using carbon
fiber electrode since the smaller the size of the electrode used, the faster it will take for the
chemical reaction to take place [5] due to bigger surface area. The electrochemical measurement
will take only 20 ms and the measurement can be repeated continuously without any interference

from the DA oxidation products.

Hence, in this chapter, the DA redox reaction was examined under various experimental
conditions: various pH solutions (pH 1-11), potential scan rates (200 - 10 mVs™), number of
potential scans (up to 100" scan) and concentrations (0.1, 1, 5 mM) to clarify their effects on the
electrochemical behavior of DA. Quantum chemical calculations regarding DA and its related
compounds was also done to further confirm the reactions of DA and to determine the accurate
molecular structures of each molecules involved in the DA oxidation process. Finally, we aim to

propose the oxidation pathways of DA.

2.2 Materials and methods
2.2.1 Materials

Dopamine hydrochloride (DA, 4-(2-aminoethyl) benzene-1,2-diol, hydrochloride salt),
citric acid monohydrate, and trisodium phosphate dodecahydrate (NasPO,-12H,0) were
purchased from Kanto Chem. Co., Inc., Japan. Boric acid (H3BOs3), hydrochloric acid (HCI) and
sodium chloride (NaCl) were commercially available from Wako Pure Chem. Ind., Ltd., Japan.
All the reagents were of analytical grade and used without any further purification. Universal

buffer solutions (pH range from 3.25 to 10.41) containing 0.1 M (1 M = 1 mol dm™) NaCl were

11



composed of 0.005 or 0.050 M H3;BO; - citric acid - NasPO, three-component solutions. The
solution of pH 1.69 was composed of 0.05 M HCI and 0.1 M NaCl. All the aqueous solutions

were prepared using water purified by a Millipore Milli-Q system (MILLIPORE, Japan).

2.2.2 Electrochemical measurements

Electrochemical measurements were done with a three electrode system: Glassy carbon
(GC) with 3 mm diameter was used as working electrode, platinum wire as counter electrode and
Ag|AgCI|IKClsay) as reference electrode. GC electrodes were polished on a polishing pad with 1
and 0.06 um alumina powders and Milli-Q water. The polished electrode was sonicated in Milli-

Q water for 10 min before any electrochemical measurements.

Cyclic voltammetry was carried out in Ar saturated aqueous electrolyte solution at room
temperature (25 £ 1 °C) under various experimental conditions: pH from 1 to 11, DA
concentrations at 0.1, 1 and 5 mM, potential scan rates from 500 t010 mVs™, potential scan
number up to 100 cycles, potential scan direction towards positive or negative directions and

potential holding time from 2 sec to 40 min.

2.2.3 Quantum chemical calculations

All guantum chemical calculations for optimized molecular structures of the most stable
conformers regarding dopamine and its derivatives were carried out using the Gaussian 09
(revision D. 01) program package [6]. The structures of reactants and products involved in
chemical and electrode processes in aqueous solution (Fig. 2.14, Tables 2.1 and 2.2, and Scheme

2.2) were optimized by the ®B97X-D [7] long-range corrected density functional calculation

12



including empirical dispersion with the 6-311G (d, p) basis set [8, 9], where the solvent effect on
the structures of the reactants and products was taken into account using the reaction field
calculation with the integral equation formalism of the polarizable continuum model (IEFPCM)
[10] which is default of the used version of Gaussian program. The tight self consistent field
(SCF) convergence criterion was used (this is default) and the ultrafine integration grid was
specified (keyword is int=ultrafine) throughout the calculations. The molecular structures were
optimized at closed shell singlet ground state and they were verified to be true minima by
Hessian index. Gibbs free energies were used without scaling the frequencies. We select the
®B97X-D functional for this study because it often gives better results close to ab initio coupled-
cluster with single and double (triple) excitations (CCSD(T)) among many functionals including
B3LYP, CAM-B3LYP, M11, LC-BLYP, LC-oPBE, LC-PBEPBE and so on for molecular
structures and reaction energetics of small molecules (unpublished results). Including explicit
water molecules is expected to improve the calculation of ionic state dopamine molecules, but
the position and number of the water molecules about dopamines are arbitrary. Therefore, we
decided to treat the water molecules implicitly in this study. Natural charges were calculated

using NBO 6.0 program [11].

2.3 Results and discussion
2.3.1 pH dependence

Redox reaction of DA is dependent on pH as shown in Fig. 2.1(A). As pH increased, the
E°' decreased. Ey*; ranges from +0.69 V (pH 1.69) to +0.08 V (pH 10.41) while E,; ranges from

+0.26 V (pH 1.69) to +0.16 V (pH 6.97). This is the redox reaction of dopamine / dopamine o-
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quinone. There is no cathodic peak of DA at pH 8. This can be explained by the reaction between
the o-quinone and anionic forms of catechol at pH 8 forming new compounds [12]. The possible
reaction of DA at alkaline pH is shown in Scheme 2.2. Besides that, hydroxide attacks on the
catechols are also possible [13]. The values of I,% and 1, are quite similar at pH below 7. The
values of AE, decreased with increasing pH meaning that electron transfer of the DA redox

reaction become slower at acidic pH and redox reaction of DA becomes irreversible.

At low pH (pH < 3), the amine group of DA is protonated (Egs. (1) and (2) in Scheme
2.1), so intracyclization reaction (ICR) does not occur. However, at high pH (pH > 3), the amine
group of DA is not protonated, so ICR occurs. This means the amine group binds to the C5
position of the catechol group (Eqg. 3 in Scheme 2.1) producing a new redox couple peaks which
is the reaction of leucodopaminechrome / dopaminechrome (Eq. 4 in Scheme 2.1) at E,% from -
0.2 V to -0.44V (Fig. 2.1(B)). The pathway of DA oxidation has been proposed to be an ECC
mechanism [3] rather than ECE mechanism since ECE mechanism cannot be determined
experimentally (Amatore and Saveant, 1978). The I,% value of leucodopaminechrome also
increased as pH increased where the highest 1,°, values are at pH 8.85 and 10.41. The 1,% of the
dopaminechrome can only be seen clearly at pH 10.41 which was contributed by the fast
chemical oxidation reaction as soon as the DA was dissolved in the alkaline solution. The plot of
E° against pH for the redox couples of dopamine / dopamine o-quinone and
leucodopaminechrome / dopaminechrome are shown in Fig. 2.2. The E°' decreased with
increasing pH. The slopes of the lines are near to 60 mV/pH which is expected for a 2e and 2H"

process (for pH lower than 7).

ICR do not occur at pH 5.11 according to Fig. 2.1(A) and 2.1(B). This is due to no

leucodopaminechrome / dopminechrome redox couples peaks observed. However, Fig. 2.3

14



(curve b) shows that ICR can occur even at pH 5.11 after long potential holding time (i.e., 40
min). The redox peaks at about -0.1 V are due to the redox reaction of leucodopaminechrome /
dopaminechrome couple. Furthermore, at pH 5.11, ICR was observed after continuous potential
cycle as shown in Fig. 2.5. The redox peaks can be observed clearly at the 100" cycle compared
to the 1% cycle. This means that ICR occurs at slower rate compared to at pH 6.97. At pH 6.97,
the redox peaks of leucodopaminechrome / dopaminechrome couple became higher compared to

the main redox peaks (i.e., the redox peaks of dopamine / dopamine o-quinone couple) (Fig. 2.3).

ICR would proceed largely when oxidative potential was hold at longer time (Fig. 2.4).
When the oxidative potential is hold at long time, the DA is continuously being oxidized at the
electrode surface thus ICR also occurs continuously forming leucodopaminechrome. At holding
time of 1 min and above, the leucodopaminechrome / dopaminechrome peaks increased largely.
This means that long potential holding allows longer time of chemical reactions to take place,
forming higher amount of the oxidation products on the electrode surface. After 15 min, the
leucodopaminechrome / dopaminechrome and dopamine / dopamine o-quinone peaks stabilized
even when the holding time was increased to 30 min. This may be due to the dopamine and
leucodopaminechrome adsorbed on the electrode surface thus blocking any possible reaction to

take place. This is indicated by the same peaks height at longer potential holding time.

2.3.2 Potential scan dependence

The I, and AE, of DA depend on the potential scan rate as shown in Figs. 2.6(A) and
2.7(A). At pH 3.25, the higher the scan rate, the higher the 1,. Redox reaction of DA at pH 3.25

is irreversible where the AE, value increased from 336 mV to 495 mV with increasing in scan
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rates. However, the E°' value does not depend on scan rates and remains constant at 0.43 V. The

plot of 1, against v*/2

show straight lines indicating that the electrode reaction of DA is diffusive
behavior (Fig. 2.6(B)). Besides that, the ratio of 1,°/ I,* is in the range of 0.50 to 0.54 meaning

that only half of the oxidized DA are being reduced to the reduced form of DA.

At pH 6.97 also, the higher the scan rate the higher the I,. Redox reaction of DA at pH
6.97 also is irreversible. However, compared to the redox reaction of DA at pH 3.25, the AE, at
pH 6.97 is lower ranging from 186 to 82 mV with decreasing scan rates. The E°' changed a little
bit from 0.221 to 0.213 V for scan rates 500 to 10 mV/s™. Plot of I, against v¥2 show straight lines
indicating electrode reaction of DA is diffusive behavior (Fig. 2.7(B)). The 1,°/ 1,° ratio is near to
1 at 500 mVs™. This indicates nearly all of the oxidized DA changed to reduced DA (Fig.
2.8(A)). However, at lower scan rate, the 1,°/ 1, ratio changes from 0.97 (at 500 mVs™) to 0.40
(at 10 mVs™). At low scan rate, the measurement time is longer. Hence, after the oxidation of
DA, chemical reaction such as ICR may occur and most of the oxidized DA undergoes ICR
forming leucodopaminechrome leading to low 1,° of DA (Fig. 2.8(B)). This can be observed
from the 1,° of leucodopaminechrome / dopaminechrome peak is bigger than the 1,° of dopamine

/ dopamine o-quinone at low scan rate (i.e., 10 mVs™).

Potential scan rate dependence was also examined at pH 5.11. Only the peak of dopamine
/ dopamine o-quinone can be observed from Fig. 2.9(A). No leucodopaminechrome /
dopaminechrome peak observed meaning that no ICR occurs. However, at pH 5.11 as shown in
Fig. 2.9(B), the peak of leucodopaminechrome / dopaminechrome was observed at low scan rates
(i.e., 20 and 10 mVs™). At higher scan rates (500 to 50 mVs™), the leucodopaminechrome /
dopaminechrome peak is not visible at all (Fig. 2.9(A)). Thus, it was found that ICR occurs from

pH 5.11 and above.

16



2.3.3 Concentration dependence

The increase of DA concentration leads to increase of 1,* and 1, as shown in Figs. 2.10a,
2.11a and 2.12a. Comparing only the 1% scan, the E* shifted positively from 0.24 V at 0.1 and 1
mM DA to 0.26 V at 5 mM DA. This means that 1 mM concentration did not affect the value of
E°' but at 5 mM concentration, the E*" was affected since the E°' values at 0.1 and 1 mM are the
same (0.24 V). At low concentration of DA (0.1 mM), the CVs do not change much after 100"
scan. The 1,* and 1,° of dopamine / dopamine o-quinone decreased a little bit but the I,* and 1,° of
leucodopaminechrome / dopaminechrome increased as can be seen from Fig. 2.10. At 1 mM DA,
the 1,* and 1,° values of the dopamine / dopamine o-quinone redox couple decreased during the
potential cycling and no clear I, peak can be observed at the 100™ scan. The E,° of
leucodopaminechrome / dopaminechrome shifted negatively. At 5 mM concentration, no peak
can be seen after 100" scan. The higher the concentration of DA, the more changes of CV can be
observed. This may be because at higher DA concentration, polymerization and dimerization
reactions are faster compared to lower DA concentration. That is why concentration of 0.1 mM

was recommended to reduce the dimerization effect on the DA redox reaction [3].

After the continuous potential scans in solutions containing the dissolved DA, the
scanned electrodes were washed with deionized water and scanned in a new buffer solution (pH
6.97) without any DA (Fig. 2.13). At 0.1 mM DA, negligible amount of DA adsorbed on the
electrode surface (Fig. 2.12a). However, at 1 mM and 5 mM DA, broad peak were observed (Fig.

2.13(B), 2.13(C)) due to the adsorption of the polymerized products from DA.
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2.3.4 Quantum chemical calculations

Comparison between the experimental and calculated E°' values is shown in Table 2.1.
Even though the calculated values differs a little compared to the experimental values, it
confirms the intracylization reaction has taken place after the DA oxidation reaction from the
calculated values of leucodopaminechrome / dopaminechrome at approximately -0.167 V. The
values of HOMO for DA, leucodopaminechrome and 5,6-dihydroxyindole are higher than its
LUMO energy indicating that they are nucleophiles. However, DA has higher HOMO energies
compared to other compounds suggesting its tendency to donate electron, hence the
intracyclization occurs, giving rise to the new and more stable compound called
dopaminechrome. Furthermore, the negative value of AG confirms the spontaneity of chemical
reactions such as intracyclization reaction at -23.71 kcal/mol and rearrangement at -13.74
kcal/mol (Table 2.2). Intracyclization will not occur if the amine group is protonated (at pH 3.25)
since high energy (AG > 0) is needed for the intracyclization reaction to occur. The natural
charge shown in Fig. 2.14 shows the possible position for the amine group (electron rich) to
attach to the benzene ring (electron deficient). Since the C5 position has lower charge, the higher

charge of amine group bind to the C5 in a process which is called the Michael addition reaction.

2.4 Conclusion

Dopamine undergoes an ECC reaction where dopamine is oxidized into dopamine o-
quinone leading to spontaneous chemical reactions producing leucodopaminechrome which then
oxidized into dopaminechrome. The leucodopaminechrome may also react with the oxidized

dopamine regenerating dopamine and forming dopaminechrome. This reaction pathway occurs at
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pH 6 and above. At pH 5, different DA behavior was observed where leucodopaminechrome was
formed after longer time (low potential scan rate or continuous potential scan) since the
intracyclization reaction rate is slower at pH 5 than pH 7. At pH 4 and below, no intracyclization
occur meaning no leucodopminechrome was form. The polymerization of dopamine is faster at

higher concentrations due to faster chemical reaction rate.
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Fig. 2.1 (A). Cyclic voltammograms (CVs) of 0.1 mM DA at GC electrodes in 0.1 M NacCl
solution containing 5 mM universal buffers. (B) CVs obtained in the potential range from 0 to -
0.7 V in Fig. 2.1 (A). Potential scan rate: 100 mVs™.
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Fig. 2.3. CVs of 0.1 mM DA at GC electrodes in 0.1 M NaCl solution containing 5 mM
universal buffers. All CVs were recorded after 40 min of holding time at (a and b) 0.8 V and (c)
0.6 V. Potential scan rate: 100 mVs™.
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Fig. 2.4. CVs of 0.1 mM DA at GC electrodes in 0.1 M NaCl solution containing 5 mM
universal buffer (pH 6.97). CVs were measured after holding the potential at 0.6 V for (a) 0, (b)
1, (c) 15 and (d) 30 min. Potential scan rate:100 mVs™
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Fig. 2.5 (A) CVs of 0.1 mM DA at GC electrodes in 0.1 M NaCl solution containing 5 mM
universal buffers (pH 5.11). (B) CVs partially enlarged in the potential range from 0.1 to -0.4 V
in the CVs of Fig 2.5(A). Potential scan rate: 100 mVs™*
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Fig. 2.6 (A) CVs of 0.1 mM DA at GC electrodes in 0.1 M NaCl solution containing 5 mM
universal buffer (pH 3.25) at various scan rates. (B) Plots of I, vs v2, Data were taken from
Fig. 2.6(A).
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Fig. 2.7 (A) CVs of 0.1 mM DA at GC electrodes in 0.1 M NaCl solution containing 5 mM
universal buffer (pH 6.97) at various scan rates. (B) Plots of I, vs v2 Data were taken from
Fig. 2.7(A).
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Fig. 2.9 (A) CVs of 0.1 mM DA at GC electrodes in 0.1 M NaCl solution containing 5 mM
universal buffer (pH 5.11) at various scan rates. (B) CVs obtained in the potential range from 0.1
to -0.25 V in Fig 2.9(A).
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Fig. 2.10 (A) CVs of 0.1 mM DA at GC electrodes in 0.1 M NaCl solution containing 50 mM
universal buffer (pH 6.97) from the 1% to 100" potential cycles. (B) The 1% and 100" CVs were
taken from Fig. 2.10(A). Potential scan rate: 100 mVs™.
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Fig. 2.11 (A) CVs of 1 mM DA at GC electrodes in 0.1 M NaCl solution containing 50 mM
universal buffer (pH 6.97) from the 1% to 100" potential cycles. (B) The 1% and 100" CVs were
taken from Fig. 2.11(A). Potential scan rate: 100 mVs™.
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Fig. 2.12 (A) CVs of 5 mM DA at GC electrodes in 0.1 M NaCl solution containing 50 mM
universal buffer (pH 6.97) from the 1% to 100" potential cycles. (B) The 1% and 100" CVs
were taken from Fig. 2.12(A). Potential scan rate: 100 mVs™.
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(A) 0.1, (B) 1 and (C) 5 mM. Blank solution means the CV obtained at 100 mVs™ in the
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30



Table 2.1 Formal redox potentials of DA estimated from electrochemical experiments and quantum chemical calculations.

] ‘HOMO ‘LUMO
_ E°(Ex.)? E°'y(Cal)?
Reactions Red / Ox/ Red/ Ox/
IV IV
eV eV eV eV
Dopamine —> Dopamine o-quinone + 2H" + 2¢”
' +0.18 +0.18 -7.715  -8.987 1.833 -1.663
(EQ. (1) in Scheme 2.3)
Indoline-5,6-diol —> Dopaminechrome + 2H" + 2¢’
) -0.27 -0.167 -6.918  -8.259 1.849 -1.028
(Eq. (4) in Scheme 2.3)
5,6-dihydroxyindole —> Indole-5,6-quinone + 2H" + 2¢”
_ - +0.169 -7.153  -7.921 1614 -1.602
(Eq. (5) in Scheme 2.3)
Catechol—> o-quinone + 2H" + 2¢° +0.20 +0.229 -7.860  -9.156 1.824 -1.843

a) Based on the cyclic voltammetric measurements at pH = 7.5.

b) Based on the quantum chemical calculations for compounds in water at ®B97X-D/6-311G(d,p). The formal redox potentials for
their redox reactions in water were estimated using the experimental formal redox potential of dopamine as a standard (+0.18 V vs.

Ag|AgCI|KCl(sat.)).
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Table 2.2 Heats of reactions in water at ®B97X-D/6-311(d,p)

Reactions AG / kcal / mol ¥
Dopamine o-quinone —> Leucodopaminechrome (Indoline-5,6-diol) 2371
(Intracyclization: Eq. (2) in Scheme 2.3) '
Dopaminechrome —> 5,6-dihydroxyindole 1374
(Rearrangement: Eq. (5) in Scheme 2.3) '
Dopaminechrome
o _ +3.86
(Isomerization: Eq. (6) in Scheme 2.3)
Indole-5,6-quinone
o _ +12.85
(Isomerization: Eq. (7) in Scheme 2.3)
Dopamine o-quinone (-NH3" ) —> Leucodopaminechrome (-NH,")
+758.89

(Intracyclization: Eq. (1) in Scheme 2.3)

a) Based on Gibbs free energy at 298.15 K (25 °C).
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Fig. 2.14. Natural charges of (A) dopamine and (B and C) dopamine o-quinone.
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CHAPTER 3

ELECTROCHEMICAL BEHAVIOUR OF 5-METHYLDOPAMINE (5-MDA)

3.1 Introduction

5-MDA is an analog of DA. In this chapter, the electrochemical behavior of 5-
MDA will be studied in comparison to DA to investigate the intracyclization reaction. 5-
MDA has methyl group at the C5 position of its benzene ring. This group can block the
intracyclization from occurring and then further study regarding the effect of
intracyclization can be investigated in depth. In addition, 5-MDA serves as the model

compound in this research since it cannot undergo intracyclization.

In previous research on DA, particularly in the study on its intracyclization reaction,
4-methylcatechol (4-MC) has been used as the model compound [1]. However, this model
compound may not reflect the complete structure of DA. Some researchers studied 5-
hydroxydopamine (5-OHDA\) [2][3] in their research related to neurotransmitters that gave
some information regarding intracyclization. These researchers investigated the 5-OHDA
that exists naturally in the brain which interferes the norepinephrine nerve terminals.
Meanwhile, other researcher used 5-fluorodopamine (5-FDA) [4] in studying the oxidation

pathway of fluorine substituted catecholamines.

Intracyclization reaction is one of the main chemical reactions which occur in the
DA oxidation pathway, and information such as the effect of intracyclization on the

electrochemical behavior of DA is needed. Hence, studiy of 5-MDA is very important in
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understanding the DA electrochemical behavior of DA. In this chapter, similar studies of
DA will be done on 5-MDA, and comparisons of the electrochemical behavior were made
between the two compounds. The effects of the substitution of methyl group at the C5
position in the benzene ring to the formal potential, peak separation and reversibility of 5-
MDA will be studied. Through this study, we aim to clarify the factors affecting the

intracyclization reaction.

3.2 Materials and methods

3.2.1 Materials

5-methyldopamine (4-(2-aminoethyl)-5-methylbenzene-1,2-diol, hydrochloride salt) was
supplied by Otava Ltd., Canada. Other reagents such as components of universal buffer

solutions are the same as those shown in Section 2.2.1 in Chapter 2 (page 11).

3.2.2 Electrochemical measurements

See Section 2.2.2 in Chapter 2 (page 12).

3.2.3 Quantum chemical calculations

See Section 2.2.3 in Chapter 2 (page 18).
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3.3 Results and discussions
3.3.1 pH dependence

Redox reaction of 5-MDA showed pH dependence as shown in Fig. 3.1. As pH
increased, the E°' value decreased. 5-MDA is easily oxidized at higher pH (pH 10.41).
Only small anodic and cathodic peak currents of 5-MDA can be observed since it
undergoes fast chemical reaction at this pH that could be due to oxidation of 5-MDA by
the trace amount of oxygen dissolved in the buffer solution. Even under air atmosphere,
the solution containing 5-MDA changed color faster than DA. Solution containing 5-MDA

turned into brownish color while solution containing DA turned into grey color.

Plot of E°' vs pH shows a linear relationship with near 60 mV/pH slope indicating a
2e and 2H" process (Fig. 3.2). At any pH, 5-MDA gives only one redox peak in the
potential range from +0.6 to 0 V. This means that intracyclization (ICR) did not occur after
the oxidation of 5-MDA because the methyl group at the C5 position prevent the ICR from
occurring. Hence, the redox reaction of 5-MDA is a simple redox reaction without any
chemical reaction as summarized in Scheme 3.1. Similar anodic and cathodic peak current
heights can be observed from pH 3.25 to 6.96. However, decreased in cathodic peak
current height is observed at pH 8.85. This could be due to the chemical reaction between
the o-quinone and the anionic form of catechol [5] as summarized in Scheme 2.2. Besides
that, hydroxides in the solution might attack catechols leading to the electroinactivity of 5-
MDA [6]. Only small anodic and cathodic peak currents observed (at ~ 0 V) at pH 10.41.
At this pH, 5-MDA may undergo a fast chemical reaction before the electrochemical

reaction occurs at 0 V.
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The methyl group stably attached at the C5 position of 5-MDA is also confirmed
through the potential holding for a long time at oxidative potential (i.e., 0.6 V). Even after
40 min of holding time, only one redox couple peak was observed at various pH meaning
that the methyl group did not detach from the C5 position of 5-MDA and the ICR did not
occur (Fig. 3.3). However, obvious reduction of anodic and cathodic peak current (I,* and

,°) is observed as the solution pH increased as can be seen from the CV at pH 6.97.

If we compare the electrochemical behavior of 5-MDA to that of DA at all pH, 5-
MDA is more easily oxidized electrochemically since its E° value is less positive
compared to that of DA (Figs. 2.2 and 3.2). For example, at pH 4.06, E°' value of 5-MDA
is 0.39 V while that of DA is 0.34 V. This may be due to the methyl group as an electron
donor which made the aromatic compound more easily to oxidize. From our study, we
observed decreasing value of E°' based on the increasing number of groups attached to the
benzene ring. The more groups attached on the benzene ring, the more negative the value
of E°'. For example, catechol’s value of E°' (0.2 V) is less negative compared to that of DA
(0.18 V) (Table 2.1) because catechol has no ethylamine group attached to the benzene
ring. DA’s value of E®' is less negative than 5-MDA (0.14 V) (Table 3.1) because DA has

no methyl group attached to the benzene ring.

Laurila et al. also obtained similar result where the value of AE, decreased with
increasing number of groups attached to the benzene ring [7]. They observed that value of
AE, of DA (0.062 V) is smaller than 4-methylcatechol (0.078 V) and catechol (0.092 V)
because DA has ethylamine group attached to the benzene ring. 4-methylcatechol’s value

of AE, is smaller than catechol because of the methyl group attached to its benzene ring.
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3.3.2 Potential scan rate dependence

Potential scan rate dependence of 5-MDA are shown in Figs. 3.4(A) and 3.5(B).
From Fig. 3.4(B) at pH 3.25, the ratio of 1,° / I,* are not near to unity (~1) and the ratio is in
the range from 0.72 (at 500 mVs™) to 0.75 (at 10 mVs™). This indicates that only about
70% of the oxidized 5-MDA has been reduced. Nevertheless, at pH 6.96, the ratio of 1,° /
I,* varies widely from 1.15 (at 500 mVs™) to 0.69 (at 10 mVs™) as can be seen from Fig.
3.5(B). AE, values of 5-MDA at pH 3.25 are bigger compared to at pH 6.96. As potential
scan rate decreased, the value of AE, at pH 3.25 decreased from 0.37 to 0.23 V while at pH
6.96, AE, value decreased from 0.16 to 0.07 V. The variety of potential scan rates did not

affect the E°' values in CVs for both pH 3.25 (0.38 V) and at pH 6.96 (0.17 V).

After the oxidation reaction (at pH 1.69), about 70% of the oxidized 5-MDA was
reduced while only 50% of oxidized DA was reduced. These show that the methyl group
in 5-MDA may enhanced its electron transfer thus increased the rate of reduction reaction
compared to DA even though intracyclization reaction did not occur. At pH 6.96 and at
lowest scan rate (10 mVs™), at least 70% of oxidized 5-MDA has been reduced but for DA,
at least 40% of oxidized DA was reduced. This means that the presence of methyl group in
5-MDA enhanced the reduction reaction (5-MDA become easier to reduce) and it is not
affected by pH since both pH (pH 1.69 and 6.96) gave similar I,° / 1,* value of at least 0.7.
However, due to the intracyclization reaction, it reduced the 1,°/ I,* value of DA from 0.5

(at pH 1.69) to 0.4 (at pH 6.96).
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3.3.3 Concentration dependence

5-MDA reacts differently at different concentrations (Figs. 3.6, 3.7 and 3.8). At low
concentration (0.1 mM), the continuous potential scan did not change the E°' value much
where the average value is 0.17 V. However the anodic and cathodic peak current (I,* and
I,°) heights decreased and the AE, increased (0.07 to 0.09 V) with increasing number of
potential scan. On the other hand, if the concentration is increased to 1mM, the CV
changed largely where the I,* and 1,° values decreased, but value of AE; increased from 0.1
to 0.28 V and E°' shifted positively from 0.18 to 0.21 V as the number of scan increased.
Furthermore, big changes can be observed if the concentration is increased to 5 mM. In
this concentrated solution, the cathodic peak largely decreased and no clear anodic peak
can be seen. Changes of AE, and E°' values cannot be estimated due to the broad anodic
peak. At 5 mM, only the change of E,° value can be determined where it shifted negatively

from0.1to 0 V.

If we compare the 1% CVs of each concentration, similar E°' values are obtained at
0.1 mM (0.17 V) and 1 mM (0.18 V) concentrations. The E®' value at 5 mM positively
shifted to 0.22 V compared to the E°' value at 0.1 and 1 mM concentrations. Continuous
potential scan gave bigger impact on the values of E°' atl and 5 mM concentrations as can
be observed from the 100™ CV compared to the 0.1 mM concentration. It seems that with
continuous potential scan, the 5-MDA is adsorbed on the electrode surface (Figs. 3.9(A),
3.9(B), 3.9(C)) leading to decreased I,* and I,° height. This means that the 5-MDA
adsorbed on the electrode surface leads to electrode passivation and became less sensitive

to 5-MDA. We can also see that bigger amount of 5-MDA is adsorbed on electrode surface
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if high concentration (5 mM) of 5-MDA were used instead of low concentrations. This

means that electrode passivation will be faster if high concentration is used.

In comparison to DA, high concentrations (1 mM and 5 mM) gave less changes on
the CVs of 5-MDA since clear cathodic peaks can still be seen even at 100" scan. This
means that DA adsorbed on the electrode surface more easily compared to 5-MDA because
we can see bigger current from Fig. 2.12(B) compared to Fig. 3.9(B). The adsorbed DA on
electrode surface led to faster passivation of electrode compared to 5-MDA since

intracyclization reaction of DA may also contributes to the fast electrode passivation.

3.3.4 Quantum chemical calculations

The calculated E°' value (0.134 V) is quite similar to the experimental value (0.14
V) as seen in Table 3.1. Hence, the calculation method is acceptable for comparison to the
experimental values. HOMO energies of oxidized and reduced 5-MDA are higher than
their LUMO energies meaning that 5-MDA has tendency of donating electron (an electron
donor or nucleophile) rather than accepting electron. This also means that 5-MDA is more
easily oxidized. In Fig. 3.10, the natural charges of oxidized and reduced forms of 5-MDA
are shown. The methyl groups are uncharged (0.033 for reduced 5-MDA and 0.065 for
oxidized 5-MDA\) indicating that the methyl group are stable whether the 5-MDA is in

oxidized or in reduced forms.

In comparison to DA, 5-MDA has more positive value of HOMO energy meaning
that 5-MDA has higher tendency of donating electron (more nucleophilic) rather than

accepting electron (less electrophilic) compared to DA. This could be due to the methyl
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group stabilizing the 5-MDA. Hence, this is why 5-MDA is more easily oxidized which
leads to its more negative E°' value compared to DA. The LUMO energy of DA is less
positive compared to that of 5-MDA indicating that DA has better tendency to accept

electron.

3.4 Conclusion

Redox reaction of 5-MDA is a simple 2e and 2H" process. 5-methyldopamine is a
good analog model of dopamine to confirm the intracyclization reaction since the methyl
group stably attached at C5 position of the benzene ring. The methyl group blocks the
amine group from attaching to the C5 position of benzene ring, hence intracyclization
cannot occur at any pH. The substitution of methyl group as electron donor to the benzene
ring of 5-MDA decreased the formal potential making it easier to oxidize. As the number
of substitution on the benzene ring increased (such as methyl group and ethylamine group)

the formal potential decreased and the electron transfer increased.
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Fig. 3.1. Cyclic voltammograms (CVs) of 0.1 mM 5-MDA at GC electrodes in
0.1M NaCl containing 5 mM universal buffers. Potential scan rate: 100 mVs™.
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Fig. 3.2. Plot of E°' vs pH for 5-MDA. Data were taken from Fig. 3.1.

43



I/ pA
o

_4 1 1 1 1 1 1 1 1 1 1
-1 -08 -06 -04 -02 O 02 04 06 038 1 1.2

E /V vs. Ag|AgCI|KCl(sat.)

Fig. 3.3. CVs of 0.1 mM 5-MDA at GC electrodes in 0.1 M NacCl containing 5 mM
universal buffers. All CVs were recorded after 40 min of holding time at (a) 1, (b) 0.8
and (c) 0.6 V. Potential scan rate: 100 mVs™.
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Scheme 3.1. Oxidative pathways of 5-methyldopamine (at pH 7.5).
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Fig. 3.4 (A) CVs of 0.1 mM 5-MDA at GC electrodes in 0.1 M NaCl containing 5 mM
universal buffer (pH 3.25) at various scan rates. (B) Plots of I, vs v2 Data were taken from
Fig. 3.4(A).
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Fig. 3.5 (A). CVs of 0.1 mM 5-MDA at GC electrodes in 0.1 M NaCl containing 5 mM universal buffer
(pH 6.97) at various scan rates. (B) Plot of 1, vs v2, Data were taken from Fig. 3.5(A).
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Fig. 3.6 (A) CVs of 0.1 mM 5-MDA at GC electrodes in 0.1 M NaCl containing 50 mM
universal buffer (pH 6.97) from the 1% to 100" potential cycles. (B) The 1% and 100" CVs
shown in Fig. 3.6(A). Potential scan rate: 100 mVs™.
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Fig. 3.7 (A) CVs of 1 mM 5-MDA at GC electrodes in 0.1 M NaCl containing 50 mM
universal buffer (pH 6.97) from the 1% to 100" potential cycles. (B) The 1% and 100" CVs
shown in Fig. 3.7a. Potential scan rate: 100 mVs™
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Fig. 3.8 (A) CVs of 5 mM 5-MDA at GC electrodes in 0.1 M NaCl containing 50 mM
universal buffer (pH 6.97) from the 1% to 100™ potential cycles. (B) The 1% and 100" CVs
shown in Fig. 3.8(A). Potential scan rate: 100 mVs™.
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Fig. 3.9. CVs of 5-MDA at GC electrodes in 0.1 M NaCl containing 50 mM universal buffer
(pH 6.97) at100 mVs™ from the 1% to 10™ potential cycles. Concentration of 5-MDA: (A) 0.1,
(B) 1 and (C) 5 mM 5-MDA. Blank solution means the CV obtained at100 mVs™ in the same
electrolyte solution containing no 5-MDA.
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Table 3.1. Formal redox potentials of 5-MDA estimated from electrochemical experiments and quantum chemical calculations

. . ] ‘HOMO ‘LUMO
_ E"(Ex)? E y(Cal)?
Reactions Red / Ox/ Red/ Ox/
IV IV
eV eV eV eV
5-methyldopamine —> 5-methyldopamine o-quinone + 2H" + 2¢” +0.14 +0.134 -7.528 -8.869 1924 -1.536

a) Based on the cyclic voltammetric measurements at pH = 7.5.
b) Based on the quantum chemical calculations for compounds in water at ®B97X-D/6-311G(d,p). The formal redox potential for

the redox reactions in water was estimated using the experimental formal redox potential of dopamine as a standard (+0.18 V vs.
Ag|AgCI|KCl(sat.) at pH 7.5).
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Fig. 3.10. Natural charge of (A) 5-methyldopamine and (B) 5-methyldopamine o-quinone.
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CHAPTER 4

DOPAMINE (DA) AND 5-METHYLDOPAMINE (5-MDA) INCORPORATED NAFION-

MODIFIED ELECTRODES

4.1 Introduction

Nafion (Fig. 1.4 in Chapter 1, page 5) is an ion-exchange polymer that is highly
permeable by cations but almost impermeable by anions. Nafion has been widely used to modify
electrode surface in the in vitro or in vivo studies of DA since the Nafion coating strongly
prevents the permeations of anionic compounds such as 3,4-dihydroxyphenylacetic acid
(DOPAC) or 5-hydroxyindoleacetic acid (5-HIAA) through the Nafion film. This valuable
property made the Nafion-modified electrode a good method to study DA, norepinephrine (NE)
and 5-hydroxytryptamine (5-HT) which are cationic neurotransmitters [1]. This result in the

increased sensitivity of the Nafion-modified electrode [2].

Besides that, with fast potential scan rate, Nafion could also prevent the oxidation
products of the neurotransmitters from adsorbing on the electrode surface which leads to
electrode fouling [3]. It is well known that DA undergoes intracyclization reaction which can
lead to the formation of insoluble film on the electrode. This insoluble film will lead to decreased
sensitivity of the electrode and the electrode can be used only for a limited time. Previous studies
on the neurotransmitter’s detection on electrode surface employed Nafion as an electrode
modifier and the electrochemical behavior of DA on the Nafion-modified electrode was only

studied in neutral pH due to the natural pH of the extracellular fluid of the brain.
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Thus, in this chapter, we focused on studying electrochemistry of DA and 5-MDA in
acidic and neutral pH solutions to study the electrochemical reaction of DA in acidic and neutral
pH at Nafion-modified electrode. It is expected that due to the acidic pH, no intracyclization
reaction will occur: the amino group of DA will be protonated and positively charged and it will
be attracted to the negatively charged Nafion. Hence, the electrochemical behavior of DA at
acidic pH will largely differ from that at neutral pH. The incorporation of DA and 5-MDA in the
Nafion film during continuous potential cycles was studied in comparison between DA and 5-
MDA since the methyl group of 5-MDA can affect its incorporation in the film. Different
concentrations of buffer solution were employed to further understand the process of

incorporation of DA and 5-MDA in the Nafion film during the continuous potential cycles.

4.2 Materials and methods

1 uL of Nafion® (5 wt. % solution, Sigma-Aldrich Co., USA) was dropped on GC
electrode (diameter 3 mm) surface and left to dry for 30 min. The thickness of the Nafion film on
the electrode surface was estimated from its density (1.98 g cm™) and it was approximately 3.6
pm. Then, cyclic voltammetry was carried out with the Nafion-modified GC electrode in Ar sat.
0.1 M NaCl solutions containing 5 or 50 mM universal buffers (pH 3 and 7) and 0.1 mM DA or
0.1 mM 5-MDA. Reference electrode used was Ag|AgCI|KCl ) and counter electrode used was

platinum wire.
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4.3 Results and discussions
4.3.1 Effect of pH and methyl group

DA and 5-MDA are more easily to be incorporated into the Nafion film at pH 3
compared to those at pH 7 (Figs. 4.1 to 4.8). This is due to the protonation of the amino group of
DA and 5-MDA at pH 3 resulting to the attraction between the protonated amino group (NHs")
and the sulfonate group (SOj3) in Nafion. At pH 7, the amine group is neutrally charged and
there is no interaction between the amino group of DA and 5-MDA with the sulfonate group
making it difficult to incorporate the molecules into the Nafion film. Besides that, at pH 7, DA
undergoes intracyclization forming leucodopaminechrome which may further decrease the

interaction between DA and Nafion.

At pH 3 (Figs. 4.1, 4.2, 4.5 and 4.6), the cyclic voltammogram (CV) at 100" cycle are
bigger compared to the CV at 1% cycle indicating that the DA and 5-MDA were incorporated in
the Nafion film. This can be seen in Figs. 4.9 (A) and 4.10 (A), where approximately 111.34 x
10™ mol cm™ of DA and 116.98 x 10 mol cm™ of 5-MDA were incorporated into the Nafion
film. Due to the methyl group, it gave an extra hydrophobic effect to 5-MDA leading to the
hydrophobic attraction between the 5-MDA and the polymer backbone of Nafion. Many studies
have confirmed that interactions between Nafion and electroactive species are hydrophobic
interaction and electrostatic attraction [4,5]. This leads to the higher amount of 5-MDA
incorporated in the Nafion film compared to DA. At pH 7, approximately 23 x 10 mol cm™ of

DA and 38.8 x 10™° mol cm™ of 5-MDA were incorporated into the Nafion film.
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4.3.2 Effect of buffer concentrations

The use of two different buffer concentrations (5 and 50 mM) gave significant impact on
the DA and 5-MDA incorporation in Nafion film and the currents generated. For DA and 5-
MDA in low buffer concentration (5 mM) at both acidic and neutral solutions, higher currents
were observed compared to DA and 5-MDA at high concentration (50 mM) of buffer solutions.
Anodic peak current (1,°) and cathodic peak current (1,°) values of DA and also those of 5-MDA
at low concentration of buffer solutions are especially high which can be seen from the 1% to 20
potential cycles (Figs. 4.9 to 4.12). This means that DA and 5-MDA are more easily incorporated

in the Nafion film at low buffer concentration (Figs. 4.9 to 4.12).

Comparing the currents observed at the 1* potential cycle, at pH 3 (Fig. 4.9(B)), low
concentration (5 mM) of buffer gave higher value of 1,* (33.69 pA) of DA compared to the high
concentration (50 mM) of buffer (9.98 pA). The 1,° value of 5-MDA (Fig. 4.10(B)) is also higher
at low concentration (5 mM) of buffer (18.34 pA) compared to high concentration (50 mM) of
buffer (6.4 pA). These different values indicate that at pH 3, currents generated by DA or 5-
MDA depends on the concentration of buffer solution. Meanwhile at pH 7, the trend is also the
same where higher 1,% values can be observed at low concentration (5 mM) of buffer (11.32 uA
for DA and 15.05 pA for 5-MDA) compared to high concentration (50 mM) of buffer (6.12 pA
for DA nd 3.26 pA for 5-MDA) as shown in Figs. 4.11(B) and 4.12(B). Hence, we can conclude

that low concentration of buffer leads to high current at any pH of solution.

The use of high buffer concentration proved to be a disadvantage since the quantities of
DA and 5-MDA which can be incorporated into the Nafion film were limited due to several

factors. First, the high concentration buffer may give some resistance to the diffusion of DA and
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5-MDA from bulk solution to the Nafion film. Second, the cations in the buffer solution (Na®)
may compete with the cation groups (NHs") of DA and 5-MDA (at pH 3) for the electrostatic
binding at the anionic groups (SO3) in the Nafion which leads to the slow incorporation into
Nafion. Adams et al. (1985) observed the same phenomena where the electroinactive cationic
species in the solution could occupy the anionic sites in the Nafion film [6]. This further reduced

the sensitivities of the electrode which then lead to reduced current observed.

4.3.3 Effect of Nafion

The E” values of DA at pH 3.2 and 7.1 are (0.39 + 0.00) and (0.22 = 0.01) respectively
and it remained almost constant and from 1% to 100" potential cycles. Value of E” of DA was
not affected by the buffer concentrations. At pH 7, the E” value of DA at Nafion-modified GC is
the same as the E” of DA at bare GC (0.22 V). However, at pH 3, the E* of DA at Nafion-
modified GC (0.39 V) shifted negatively compared to the E® of DA at bare GC (0.43 V). This
difference may be due to the effect of hydrophobic and electrostatic attraction between DA and
Nafion at pH 3 that led to the negatively shifted of the E” value. This means that due to the

Nafion film, the DA has become more easily oxidized and/or more stable in the reduced form.

At pH 7, the E” value of 5-MDA in 5 mM buffer solution changed from 0.15V to 0.18 V
(from 1* to 100™ potential cycles) meanwhile E* value of 5-MDA in 50 mM buffer solution at
did not change significantly with average of 0.16 V. The reason why E® value increased in 5 mM
buffer solution may be due to the high concentration of 5-MDA incorporated in the Nafion film.
We have observed from the results in previous chapter (Chapters 2 and 3) that high

concentrations of DA (or 5-MDA) subsequently lead to positively shifted E® values. The E*
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value of 5-MDA in 50 mM buffer solution of pH 7 at Nafion-modified GC (0.16 V) is similar to
the E® value of 5-MDA in the same solution of pH 7 at bare GC (0.17 V). The E* value of 5-
MDA at pH 3 are quite similar at the different concentration of buffer solutions: 0.33 V (5 mM
buffer) and 0.35 V (50 mM buffer). Both values are less positive compared to the E* value of 5-
MDA at bare GC (0.39 V). This means that redox reaction of 5-MDA is better at Nafion

modified GC since 5-MDA is more easily oxidized and/or stable in the reduced form.

The AE, values (Fig. 4.13(A) and (B)) for DA and 5-MDA at pH 7 are higher (0.3 to 0.5
V) compared to those at pH 3 (0.1 to 0.3 V). At both pH, reactions of DA and 5-MDA are
irreversible. This may be due to the Nafion film on electrode surface increasing the length of
electron transfer from the electrode surface to the DA or 5-MDA through the sulfonate chains.
This further lead to slow electron transfer. Besides that, at pH 7, the uncharged amino groups of
DA or 5-MDA are mostly repelled on the negatively charged Nafion film. Another reason may
be due to the higher concentration of cation (Na*) in the solution of pH 7 compared to that in the
solutions of pH 3 that occupied the anionic sites and preventing reaction with DA and 5-MDA

(Fig. 4.11).

This trend is the opposite for DA and 5-MDA at bare GC where AE, values at pH 7 are
smaller than that at pH 3. This also means that electrostatic attraction helps in the decreasing of
the value of AE,. It is worth to mention that the AE, values from the first CVs of DA and 5-
MDA at Nafion-modified GC in the solution of pH 3 are smaller (0.258 V for DA and 0.216 V
for 5-MDA) compared to those at bare GC (0.415 V for DA and 0.310 V for 5-MDA). This
further confirms that electrostatic attraction plays an important role in the decreased value of AE,

and increased in electron transfer.
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4.3.4 Leaching of DA and 5-MDA from Nafion film

All of the DA and 5-MDA that were incorporated in the Nafion film leached out from the
film when the electrode potential was scanned repeatedly in the absence of DA and 5-MDA at
pH 7. DA and 5-MDA in high concentration buffer solution at pH 3 leached out slowly from the
Nafion film (Figs. 4.14, 4.15, 4.16 and 4.17). This means that high concentration buffer gave
some resistance effect in the solution to the mass transfer of DA and 5-MDA exiting from the
Nafion film into the bulk solution. Besides that, the positively charged amine group of DA and 5-
MDA at pH 3 electrostatically attracted with the negatively charged sulfonate group of the
Nafion. The DA and 5-MDA did not attach strongly in the Nafion film meaning that Nafion
modification of electrode is not suitable for a strong bonding of DA and 5-MDA in the Nafion

film.

4.4 Conclusion

DA and 5-MDA are easily incorporated in the Nafion film in acidic solution due to the
electrostatic attraction between the negatively charged sulfonate group (SOj3) in Nafion and
positively charged amino group (NH3") in DA and 5-MDA. However, the methyl group (CHs) in
5-MDA contributed to higher current due to hydrophobic attraction compared to DA in both
acidic and neutral pH solutions. The electrostatic attraction between the amino group and
sulfonate group is relatively weak since the incorporated DA and 5-MDA in Nafion film
eventually leached out from the film. Low buffer concentration used in the solutions leads to
higher current observation during the incorporation period due to the less competition for anionic

sites (SO3") between the electroinactive cation (Na*) and electroactive cation (NH3") species in
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the solution. The Nafion film increased the electron transfer of DA and 5-MDA at pH 3 but
decreased the electron transfer at pH 7 when compared to the reaction without the Nafion film at

bare electrode without modification of Nafion.
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Fig. 4.1. (A) Continuously recorded and (B) selected cyclic voltammograms (CVs) of 0.1 mM
DA at Nafion-modified GC electrode in 0.1 M NaCl containing 5 mM universal buffer solution
(pH 3.20). Potential scan rate: 100 mVs™.
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Fig. 4.2. (A) Continuously recorded and (B) selected CVs of 0.1 mM DA at Nafion-modified GC
electrode in 0.1 M NaCl containing 50 mM universal buffer solution (pH 3.13). Potential scan
rate: 100 mvs™.
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Fig. 4.3. (A) Continuously recorded and (B) selected CVs of 0.1 mM DA at Nafion-modified GC
electrode in 0.1 M NaCl containing 5 mM universal buffer solution (pH 7.07). Potential scan
rate: 100 mVs™,
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Fig. 4.4. (A) Continuously recorded and (B) selected CVs of 0.1 mM DA at Nafion-modified GC
electrode in 0.1 M NaCl containing 50 mM universal buffer solution (pH 7.15). Potential scan
rate: 100 mVs™,
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Fig. 4.6. (A) Continuously recorded and (B) selected CVs of 0.1 mM 5-MDA at Nafion-modified
GC electrode in 0.1 M NaCl containing 50 mM universal buffer solution (pH 3.13). Potential
scan rate: 100 mvs™.
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GC electrode in 0.1 M NaCl containing 5 mM universal buffer solution (pH 7.07). Potential scan
rate: 100 mVs™,
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Fig. 4.14. Comparison of the 1% and 50" CVs obtained for DA adsorbed in Nafion-modified GC
electrode during the 50 time-potential cycling in 0.1 M NaCl containing different buffer
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Potential scan rate: 100 mVs™,
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CHAPTER 5

DOPAMINE (DA) and 5-METHYLDOPAMINE (5-MDA) COVALENTLY BONDED ON

p-AMINOBENZOIC ACID (PABA)-MODIFIED ELECTRODE

5.1 Introduction

DA has been immobilized on the electrode surface through many techniques such as the
binding of DA with self-assembled cysteamine monolayers on gold electrode [1],
electrochemical oxidation of DA [2, 3] or a stepwise electrochemical grafting starting with the
reduction of diazonium cation on electrode surface followed by immobilization of DA through
amide bond coupling [3, 4]. In this study, the stepwise technique of immobilizing DA through
diazonium reduction on electrode surface has been chosen because the distance between
electrode surface and the bound DA is shorter compared to the bound DA in the self-assembled
monolayer (SAM) technique. Besides that, the electrochemical oxidation technique will lead to

surface roughening and large background currents [5].

Modification of surfaces with specific chemical functionalities has lots of possible
applications such as in chemical and bio sensing, microelectronics and also protection from
corrosion [6]. For example, redox mediators are covalently bound to the chemically modified
electrode, which act as mediators for electron transport between the target redox species and the
electrode. This leads to potential shift which is good for selective determination of the target

redox species. These mediators could be the catechols, quinones, dyes and o-phenylenediamine

[1].
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Since DA in real biological sample coexists with other interference molecule such as
ascorbic acid (AA), selective and sensitive detection of DA is important for accurate
measurement. Many studies have been done on the redox reaction of DA and AA mixed
solutions [7-10] and those chemically modified electrodes successfully separated the AA and DA
peaks besides accurately determined their concentrations. In this chapter, the electrochemical
grafting of diazonium on the electrode and the subsequent binding of DA will be employed for
AA determination. It is also worth to mention that this study will not focus on the selective

detection of DA and AA mixed solution.

The electrode modification method will be employed in 2 steps. In the first step,
reduction of p-aminobenzoic acid (PABA) diazonium on the electrode surfaces. This will form a
layer of phenyl with carboxyl (COOH) terminal group. Then, in the second step, DA will be
bonded to this COOH group through amide bond coupling. The reduction of PABA will be done
on GC and EPPG electrodes to determine the effect of electrode structure to the reduction’s
mechanism. Both DA and its analogue, 5-MDA will be used for the second step to compare the
difference in molecular structures to the amide bond coupling. Electrochemistry of bound DA
and 5-MDA will be compared to the free DA and 5-MDA from Chapter 2 and 3. Finally, the AA

oxidation on the modified electrodes will be measured.

5.2 Materials and methods

5.2.1 Materials

Sodium nitrite (NaNO;) was purchased from Kanto Chemical Co. Inc., Japan.

Hydrochloric acid (HCI), p-aminobenzoic acid (PABA) and 2-[4-(2-Hydroxyethyl)-1-piper
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azinyl]ethanesulfonic acid (HEPES) were supplied by Wako Pure Chmical Industries Ltd., Japan.
N-Hydroxysulfosuccinimide (Sulfo-NHS) was obtained from Thermo Scientific, 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride was supplied by Tokyo Chemical
Industry Co. Ltd., Japan and L-ascorbic acid (AA) was purchased from Aldrich Chemical
Company, Inc. The reagents used are all analytical grade. The aqueous solutions were prepared

using water purified by Millipore Milli-Q system (Millipore, Japan).

5.2.2 DA and 5-MDA covalently bonded to PABA-modified EPPG

Two hundred microliter aliquots (200 L) of chilled 0.1 M NaNO; solution (0 °C) was
slowly dropped into Ar sat. 0.5 M HCI solution containing 1 mM PABA. Then, the solution was
left for 5 min for reaction to take place (Scheme 5.1(a) and (b)) and electrochemical modification
(Fig. 5.1(b) and (c)) was done on the roughened edge plane pyrolytic graphite (EPPG) electrode
(® = 3 mm, the electrode surface was roughened using sandpaper 600 in advance) with potential
scan between +0.7 and -0.5 V vs. Ag|AgCI|KCl(sat.) for 5 cycles at 50 mVs™ [11]. PABA-
modified electrode was obtained (Scheme 5.1). Then, the PABA-modified EPPG was soaked in
Ar sat. 0.05M HEPES buffer solution (pH 7.5) containing coupling agents (i.e., 10 mM N-
hydroxysulfosuccinimide (Sulfo-NHS) and 10 mM 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (WSC)) and 3 mM DA (or 5-MDA\) for 1 hr. Thus obtained

modified-electrode will have DA bound to the PABA as shown in Scheme 5.2.
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5.2.3 Adsorption of DA and 5-MDA on bare EPPG

EPPG was soaked in Ar sat. 0.05M HEPES buffer solution (pH 7.5) containing 3 mM

DA (or 5-MDA) for 100 sec.

5.2.4 Oxidation of ascorbic acid (AA) at modified electrodes

The modified electrodes were examined in Ar sat. 0.1M HEPES buffer solution (pH 7.5)
in the absence and the presence of 2 mM AA by cyclic voltammetry which was performed at

various scan rates.

5.3 Results and discussion
5.3.1 DA and 5-MDA covalently bonded on PABA-modified electrodes

PABA was successfully bound on the surface of EPPG as can be observed from Fig. 5.1.
The 1% CV has a distinct reduction peak (at ~ 0.25 V) and higher current compared to the 5™ CV.
This shows that the PABA diazonium was largely reduced on the electrode surface in the first
potential scan. At the 5" potential scan, the electrode surface is completely covered with the
PABA and no PABA diazonium in the solution could be reduced or bind on the electrode surface
since there is no reduction peak can be observed due to limited space for the reduction process.
Even if the potential scan was continued up to ten cycles (not shown), the current remained the
same as that in the 5™ CV indicating that no PABA was being reduced on the electrode surface
anymore. The CV of PABA-modified EPPG in HEPES buffer solution is shown in Fig. 5.2.

PABA is an electroinactive compound. Hence, no redox peak can be detected.
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DA was successfully bound to the PABA modified EPPG (Figs. 5.3 and 5.5). There is no
leucodopaminechrome / dopaminechrome peak (-0.25 V) in the CVs indicating that
intracyclization could not occur since the amine group of DA was bonded with PABA through
amide bond. 5-MDA was also successfully bound to the PABA-modified EPPG as can be seen
from Figs. 5.4 and 5.5. The lines in Fig. 5.5(A) show a linear relationship meaning that both DA
and 5-MDA are confined on the electrode surface. The plot in Fig. 5.5(B) did not show linear

relationship further confirming the fact that DA and 5-MDA are confined at the surface.

The surface concentrations of DA and 5-MDA or the amount of DA and 5-MDA bound
to the PABA were estimated to be 0.6 x 10™° and 1.2 x 10™° mol cm, respectively. These values
were estimated from the CVs obtained at scan rate 0f100 mVs™. DA can be assumed to bind to
the electrode in lesser amount compared to 5-MDA suggesting that the methyl group made the 5-
MDA easier to bind to the PABA compared to DA. This could be due to the extra hydrophobic
attraction given by the methyl group of 5-MDA making it more attracted towards the phenyl
compound of the PABA bound on the electrode. Other than this, since the solution’s pH used for
amide bond coupling is pH 7.5, it is possible that DA in the solution may undergo

intracyclization reaction, reducing the quantity of free amino group in the solution.

The peak current ratio (Fig. 5.6(A)) of both DA and 5-MDA redox reactions is near to
unity (~1) at high scan (200 mVs™) rate. However, with decreasing scan rate, peak current ratio
decreased too. At the lowest scan rate (10 mVs™Y), peak current ratio of DA decreased to 0.5
while peak current ratio of 5-MDA decreased to near 0.6. This could be due to the hydroxide
attacked the quinone form of DA (or 5-MDA) at high pH which lead to the electroinactivity of
DA and 5-MDA [1]. The low potential scan rate means that the DA and 5-MDA will be in the

quinone form for a longer time which gives the hydroxide group more time for it to attack the
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quinone forms of DA (or 5-MDA) compared to those at higher potential scan rate. The decreased
peak current ratio of DA cannot be due to intracyclization since the amino group was being used
for the formation of the amide bond between DA and PABA on the electrode, hence
intracyclization could not occur and there is no leucodopaminechrome / dopaminechrome peak

observed from the CV (Fig. 5.3).

There is no clear trend between the peak separation values of DA and 5-MDA bound on
electrode surface and the potential scan rates (Fig. 5.6(B)). However, roughly we can say the
trends are increase in peak separation values with increase of potential scan rate. The exception
is only at 50 mV/s™ where at this scan rate, the peak separation values are similar for both DA
and 5-MDA at 35 mV. At this scan rate, the different molecular structures of DA and 5-MDA

attached on the surface of electrodes did not give any effect on the peak separation values.

We know that from Chapter 2 and 3, the peak separation values of 5-MDA (in solution)
are always lower than DA (in solution) since 5-MDA is easily oxidized and/or stable in reduced
form. Hence, the peak separation values trend from DA and 5-MDA dissolved in solutions
cannot be used for DA and 5-MDA bound to chemically modified electrodes. Besides that,
concentration also plays a major role in the peak separation value where at high concentration,
peak separation value was shifted positively. So, the peak separation values from both dissolved

and bound DA and 5-MDA cannot be compared easily.

5.3.2 Ascorbic acid oxidation on modified electrodes

The modified electrodes may electrochemically catalyze the AA oxidation since high
oxidation current can be seen in presence of AA compared to in absence of AA (Fig. 5.7).
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However, the oxidation current on bare electrode is much higher compared to the modified
electrodes. In addition, the AA oxidation potential from bare electrode is more negative than the
modified electrodes indicating that AA is more easily oxidized on bare electrode. This is due to
the blocked electrode surface due to the PABA binding which prevented the AA to oxidize

directly on the electrode surface.

The 5-MDA-modified EPPG gave higher oxidation current compared to DA-modified
EPPG. This means that the higher amount of 5-MDA on the EPPG gave higher current compared
to the lower amount of DA on the EPPG. The PABA-modified EPPG catalyzed the
electrochemical oxidation of AA better than the DA- and 5-MDA-modified EPPGs but worse
than the bare EPPG. The reason could be due to resistance or steric effect of the DA and 5-MDA
blocking the AA from reaching the electrode surface directly. This leads to reduced AA
oxidation current and positively shifted oxidation potential. From the figure, we can conclude

that the more layers are on the surface, the less AA oxidation reaction can occur.

5.3.3 Effect of electrode material on the modification

Different electrode material gives different results on the reduction of PABA diazonium.
The difference can be seen from the reduction current of PABA on GC surface (Fig. 5.8). In this
figure, two broad peaks (at +0.3 and -0.15 V) can be observed from GC electrode compared to
(only one peak at +0.25 V was observed) EPPG electrode (Fig. 5.1). Besides that, the PABA
diazonium was reduced faster on GC electrode as can be seen from similar currents in 3", 4" and
5™ CVs meaning that the GC electrode surface has been completely covered with PABA after 2

reduction cycles. Baranton and Belanger (2005) also observed the same two peaks where the

74



second peak at negative potential (in this study; -0.15 V) is contributed by the reduction of the
aryldiazonium cations into radicals [11]. Then, the radicals subsequently binds to the GC surface
covalently. However, the origin of the first peak at positive potential (in this study; +0.3 V) is

still not clearly understood and no explanation can be provided so far.

The DA bound covalently on PABA-modified GC can be seen from Figs. 5.9 and 5.10.
The E° value of DA on modified GC and EPPG are quite similar at 0.18 and 0.19 V,
respectively. The lines of anodic peak potential (I,%) vs potential scan rates (v) of DA on GC
show linear relationship which is similar to the DA on EPPG. However, the 1,* from the GC are

1/2

higher compared to the EPPG. The plot of I,* vs v*“ show non-linear relationship indicating that

the DA is bound on PABA modified GC.

The surface concentration of DA was estimated from the CV measured at100 mVs™ and
it was found to be 0.8 x 10™ mol cm™. This value is a little bit higher compared to the value
from modified EPPG (0.6 x 10™° mol cm™). The current peak ratio of DA (Fig. 5.11(A)) on both
GC and EPPG shows similar trends where at low potential scan rate, the current peak ratio
decreased to near 0.5, and at high potential scan rate current peak ratio of DA is near to 1. The
electron transfer on EPPG is slower compared to that on GC since the peaks separation (AEy)
value from EPPG are larger than that from GC (Fig. 5.11(B)) and the trends of AE, value
roughly increased as the potential scan rate increased. However, at 50 mVs™, the AE, values are

the same for both GC and EPPG electrodes.

The CVs comparison of GC and EPPG measured at selected scan rates is shown in Fig.
5.12. The current in CVs of modified GC are larger compared to that of modified EPPG. This is

normal since the background response of bare GC is also larger compared to bare EPPG (not
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shown). Fig. 5.13(A) further confirms that currents observed at bare GC are always larger
compared to those at bare EPPG. However, the peak current observed from the AA oxidation on
modified EPPG is higher compared to that at modified GC (Fig. 5.13(B)). The reason could be
due to the compact structure of PABA layer formed on GC electrode, thus blocking AA from
oxidizing directly on electrode surface. Hence, this is the reason why we use EPPG as the main

electrode due to the good oxidation of AA.

5.3.4 Comparison of electrochemical behaviour between bound and free DA and 5-MDA

The electrochemical parameters of free DA (and 5-MDA) and bound DA (and 5-MDA)
are shown in Table 5.1. The bound DA peak current ratio increased due to the amino group binds
to the electrode surface preventing further DA oxidation pathway compared to the free DA.
However, the AE, value of free DA is smaller than that of bound DA. This difference could be
due to the PABA layer on the electrode surface preventing DA to react directly on the electrode
surface. This will lead to bigger AE, value and slow electron transfer. Since DA redox reaction
involves two electrons, the redox reaction of free DA is considered to be reversible (AE, = 30
mV) while the redox reaction of bound DA is quasi-reversible (AE, > 30 mV). Besides that, the
value of E°' of free DA (0.16 V) is less positive compared to bound DA (0.19 V). The peak
current ratio of free and bound 5-MDA are higher compared to DA. In free DA and 5-MDA form,
the methyl group blocks the intracyclization reaction from occurring, thus the peak current ratio
of 5-MDA is higher than DA. Even though the value of AE, of 5-MDA is bigger compared to the
DA, the E°' of 5-MDA is lower than DA. This means that the existing methyl group in 5-MDA

shifted value of E°' negatively but increased the value of AE, when comparing to DA.
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5.4 Conclusion

The reduction of PABA diazonium on electrode surfaces is a simple technique to modify
electrode surfaces. This technique could also serve as a method of studying the difference of
electrochemical behaviour between free and bound DA or other catecholamines. Reduction of
diazonium PABA on GC and EPPG electrodes gave the different results of the diazonium
reduction which may be due to the interaction between the PABA diazonium and the GC and
EPPG electrode surfaces. This lead to different behaviour of the PABA-modified GC and EPPG
electrodes including the electrochemical oxidation of AA on the modified electrodes. AA was

oxidized better at the modified EPPG compared to the modified GC.
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Scheme 5.1. Reduction of in situ generated diazonium cations on EPPG.
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Scheme 5.2. DA covalently bound to PABA-modified EPPG through amide bond.
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Fig. 5.1. Cyclic voltammograms (CVs) of diazonium cations reduction on EPPG in Ar sat. 0.5 M
HCI solution containing 1 mM p-aminobenzoic acid and 2 mM NaNO, at 50 mV/s™.
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Fig. 5.2. CVs of PABA modified EPPG in Ar sat. 0.1M HEPES buffer solution (pH 7.5) at
various scan rates.
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Fig. 5.3. CVs of DA/PABA modified-EPPG in Ar sat. 0.1M HEPES buffer solution (pH 7.5) at
various scan rates.
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Fig. 5.4. CVs of 5-MDA/PABA modified EPPG in Ar sat. 0.1M HEPES buffer solution (pH 7.5)
at various scan rates.
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Fig. 5.7. CVs of various modified EPPGs in Ar sat. 0.1 M HEPES buffer solution (pH 7.5)
containing 10 mM ascorbic acid at 5 mVs™.
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Fig. 5.8. CVs of diazonium cations reduction on GC in Ar sat. 0.5 M HCI solution containing 1
mM p-aminobenzoic acid and 2 mM NaNO; at 50 mVs.
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Fig. 5.9. CVs of DA/PABA modified GC in Ar sat. 0.1M HEPES buffer solution (pH 7.5) at
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Fig. 5.10. Plots of (A) I,% vs. v and (B) I,* vs. v'’2. Data were taken from Fig. 5.3 and 5.9.
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Fig. 5.13. CVs of (A) bare and (B) modified electrodes in Ar sat. 0.1M HEPES buffer solution
(pH 7.5) containing 10 mM ascorbic acid at 5 mVs™,

Table 5.1. Comparison of electrochemical parameters in CVs obtained for the DA and 5-MDA
redox reaction on EPPG.

_ DA 5-MDA
Electrochemical
2 Covalently 0 Covalently
parameters Adsorbed b Adsorbed d
bound ® bound ¢
Io° (nA) 1.7 0.71 3.36 1.46
1% (nA) 2.6 0.87 3.03 1.64
/1, 0.65 0.82 1.11 0.89
Ep” (V) 0.15 0.17 0.11 0.12
Ex* (V) 0.17 0.21 0.15 0.19
AE; (V) 0.02 0.05 0.03 0.06
E® (V) 0.16 0.19 0.13 0.15

a) and ¢): CVs not shown in this chapter.

b) and d): Data were taken from Fig. 5.3 and 5.4 respectively.
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CHAPTER 6

DOPAMINE (DA) AND PYRROLOQUINOLINE QUINONE (PQQ) COVALENTLY

BOUND ON p-PHENYLENEDIAMINE (PDA) MODIFIED ELECTRODE

6.1 Introduction

PQQ is a redox cofactor and has a promising application in biosensor development. This
is due to the PQQ enzymes ability to catalyze electron transfer from substrate to the electron
acceptor. In addition, PQQ-dependent enzymes could transfer electrons directly to solid surfaces
or to conducting polymers [1]. Many researches on application of PQQ modified electrode have
been done [2-4]. However, these researches employed the PQQ adsorbed on specialized
electrode, PQQ entrapped in the polypyrrole or electrostatic binding of PQQ methods, and PQQ

was not covalently bound to the electrode.

Research on PQQ covalently bound to electrode surface has been done and extensive
electrochemistry study of the modified electrode has been investigated [5-7]. In their researches,
only PQQ molecule was employed in the fabrication of modified electrode. Hence, in this study
a PQQ and DA bound covalently on the electrode surface will be done. A double redox active
molecules covalently bound on chemically modified electrode will be employed rather than

single redox active molecule.

The same technique (as in previous Chapter 5) of diazonium reduction and amide bond
coupling will be employed in this chapter too. However, in this chapter, the electrode

modification will be 3 steps: (1) p-phenylenediamine (PDA) diazonium reduced and bound to
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electrode surface; (2) carboxyl group of PQQ form amide bond coupling with amino group of
PDA; (3) amino group of DA form amide bond with another carboxyl group of PQQ. Since this
modified electrode bears two redoxes active compounds, it will be interesting to study its
electrochemical behaviour in various pH solutions, at various potential scan rates and also
continuous potential cycles. The modified electrode will be used for ascorbic acid (AA) and uric
acid (UA) determination to investigate possible application in analytical sensor. Finally, the
stability or the reproducibility of the electrochemical behavior of the modified electrode will be

determined.

6.2 Materials and methods
6.2.1 DA and PQQ covalently bound to PDA modified electrode

Two hundred microliter aliquots (200 pL) of chilled 0.1 M sodium nitrate (NaNO,)
aqueous solutionwas slowly dropped into Ar sat. acetonitrile containing 1 mM p-
phenylenediamine (PDA) (Kanto Chemical Co. Inc., Japan) and 0.5 M perchloric acid (HCIO,)
(60 %, Wako Pure Chemical Industries Ltd., Japan). The obtainedsolution was left for 5 min, and
then used for electrochemical modification of roughened EPPG (® = 3 mm; The electrode
surface was roughened using emery paper #600 before use) by scanning electrode potential
between +0.5 and -0.7 V for 5 cycles at 20 mVs™. The preparation of PDA-modified EPPG

electrodes is presented in Scheme 6.1.

Then, the PDA-modified EPPG was soaked in Ar sat. 0.01 M HEPES buffer solution (pH
7.5) containing coupling reagents (10 mM N-hydroxysulfosuccinimide (Sulfo-NHS) and 10 mM

1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (WSC)) and 1 mM PQQ (Wako Pure Chemical
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Industries Ltd., Japan) for 1 hr. The newly modified electrode will have the PQQ bound to the
PABA as shown in Scheme 6.2. Furthermore, this PQQ bound PDA-modified electrode was
soaked in Ar sat. 0.01M HEPES buffer solution (pH 7.5) containing coupling agents (10 mM N-
hydroxysulfosuccinimide (Sulfo-NHS) and 10 mM 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (WSC)) and 2 mM DA for 1 hr as shown in Scheme 6.3. The

final modified electrode is called DA/PQQ/PDA modifed electrode.

6.2.2 Electrochemical measurement of modified EPPG

Cyclic voltammetric measurements of modified electrodes were performed in Ar sat. 0.1M
NaCl solution containing 50 mM buffer (pH range: 1 to 7) in the absence and the presence of 1

mM ascorbic acid (AA) and 1 mM uric acid (UA).

6.3 Results and discussions
6.3.1 DA and PQQ covalently bound to PDA modified electrode

PDA was covalently bonded on EPPG electrode as shown in Fig. 6.1. The PDA diazonium
reduction current at the 1% scan is bigger compared to that current at the 5™ scan. This indicates
that the electrode surface is completely covered with the PDA at the 4™ to 5™ scan. This
reduction peak shape cannot be compared to others since there is no research employing the
same compound (PDA), electrode (EPPG) and solutions (acetonitrile, HCIO,4). In previous
Chapter 5, we already know that reduction p-aminobenzoic acid diazonium on different electrode

materials gives different CVs (Figs. 5.1 and 5.8 (page 79 and 82 respectively).
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Next, PQQ was bound to the PDA modified electrode as can be seen from Fig. 6.2. The
clear redox peaks observed at approximately 0.1 to -0.2 V are the PQQ redox peaks. Then, the
DA was bound to the PQQ bound PDA maodified electrode (Fig. 6.3). We can observe two redox
peaks couple at 0.1 to -0.2 V for PQQ and at 0.4 to 0.1 V for DA (Fig. 6.3(A) and (C)) at pH 6.9.
At pH 3.01, the anodic peak of PQQ and DA shifted positively (Fig. 6.3(B) and (D)). The PQQ
anodic peak are shifted from -0.02 (at pH 6.9) to 0.2 V while DA anodic peak shifted from 0.25
(at pH 6.9) to 0.44 V. Both redox peaks obtained at low scan rate are clearer (Fig. 6.3(A) and

(B)) compared to those at higher scan rate (Fig. 6.3(C) and (D)).

The total surface concentrations (I't) of PQQ and DA at pH 6.9 were estimated to be 0.97
and 0.49 x 10 mol cm™. This means that amount of PQQ confined on the electrode surface is
twice compared to the amount of DA. This is not the case as expected from Scheme 6.3 where
one PQQ molecule bound to at least one DA molecule. When a different experiment was done in
a solution where the PQQ bound only to the DA (not confined on any electrode surfaces), it was
found that one PQQ molecule bound to one DA molecule only. Thus, the binding orientation of

PQQ on the PDA layer is also play an important factor in determining the binding of DA.

It is worth to compare between the DA bound to PABA in previous Chapter 5 (Fig. 5.3,
page 80) and the DA bound to PQQ in this chapter. At pH 7.5, both DA have similar redox
potentials (0.19 V and 0.2 V respectively) and similar surface concentrations (0.6 mol cm™ and
0.5 mol cm respectively). This means that the number of layers bonded on the surface do not
affect the redox potential of these DA. The more layers on the electrode surface, the bigger the
peak separation values. If we compare between the peak separation values at 20 mVs™, the less
number of layer gave 45 mV (Fig 5.6(B)) while the more number of layers gave 108 mV (Fig.

6.5(B)). Hence, slower electron transfer at multiple layers due to longer time the electron will
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take to travel from the bound DA to the electrode. In Ghilane and coworkers research [8], they
also found that the length/thickness of the aryl layer used to modify the electrode for DA
bonding did not affect the electroactivity of DA. Thus, the theory that electron tunnels through

the layers towards the electrode is possible.

6.3.2 Effect of continuous potential scan and potential scan rates to DA and PQQ bound to

PDA modified electrode

Continous potential scan did not give any big effect to the CVs of the modified electrode
(Fig. 6.4). We can conclude that PDA is attached stably on the electrode surface and the amide
bonds connecting DA to PQQ and PQQ to PDA do not break. We also have confirmed that the
amide bond will only break if the modified electrode was dipped (for 1 min) in highly alkaline
pH solution (pH >10) (data not shown). From Fig. 6.4, after 10 potential scans, only negligible

peak currents for reduction can be observed.

The plot of 1,* against scan rate (Fig. 6.5(A)) shows a linear relationship confirming that
both PQQ and DA are covalently attached to the PDA layer. The 1,% values of PQQ and DA were
estimated with the same baseline (Fig. 6.3(A)) since the DA baseline is difficult to determine.
Due to this factor, the difference between 1,* values of PQQ and DA cannot be discuss accurately.
Values of AE, increased as potential scan rate increased (Fig. 6.5(B)). However, the peak
separation of PQQ and DA at pH 6.9 is bigger compared to the peak separation at pH 3.01. This
means that at acidic pH, electron transfer is faster than in neutral solution. This will be discussed

in detail in the next section.
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6.3.3 pH effect on DA and PQQ bound to PDA modified electrode

The effect of pH on the electrochemical behavior of the modified electrode was done.
(Fig. 6.6). The plots of E°' values against pH show linear relationship with the slopes near 60
mV/pH indicating that both redox reactions of PQQ and DA involve 2e and 2H" process (Fig.
6.7(A)). As pH increased, the values of AE, of DA and PQQ increased (Fig. 6.7(B)). We can
compare the trend of AE, values of DA bound to PQQ to that of dissolved DA shown in Chapter
2 (Fig. 2.1). The electrochemical reaction difference between dissolved and bound DA at various

pH will be compared.

From Chapter 2 (Fig. 2.1), the value of AE, of dissolved DA decreased as pH increased is
known. However, in this Chapter 6, the value of AE, of bound DA increased as pH increased.
Besides that, the anodic peak currents (I,%) of both PQQ and DA decreased as the pH increased
(Fig. 6.7(C)). The baseline used to estimate the I,* values can be refer to Fig. 6.3(A). The
decreasing trend of 1,* of PQQ could be contributed by the decreasing trend of the surface
concentration of PQQ, however since the baselines for PQQ anodic current (1,%) and surface
concentration () are different (Fig. 6.3(A) and (B)), the relationship between the two properties
is a difficult discussion. However, the interesting point is that I,* and ' values of PQQ varies

according to pH of the solutions (Fig. 6.7(C) and (D)).

The carboxylic acid group’s pKa of PQQ varies from 1.6 to 4.5: pKa values are
specifically different according to the COOH location in PQQ. However, at pH below pH 4.5, all
of the COOH groups will be protonated. Hence, the larger values of 1, and I" could be
contributed by the protonated COOH groups in acidic pH. We also did an experiment where the

PQQ is bound to DA through amide bond but they are not bound to any surfaces, and they are
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dissolved in the solution. Similar results were obtained where larger 1,° values of PQQ were
observed at acidic pH compared to those at alkaline pH (data not shown). Since the DA baseline
is difficult to estimate, the DA relation between anodic current and surface concentration will not

be discuss.

6.3.4 Oxidation of ascorbic acid (AA) and uric acid (UA) on DA and PQQ bound to PDA

modified EPPG

Oxidation of AA and UA on the modified electrode is shown in Fig. 6.8. Only small
oxidation current can be observed. This means that the multilayers of the grafted compounds
blocked the AA and UA from reacting directly on the electrode surface. In the presence of AA,
high oxidation current can be observed. On the other hand, in the presence of UA, no oxidation
current of UA can be seen. This means that the modified electrode catalyzed the AA oxidation
reaction but not the UA oxidation reaction. Other explanation could be that the modified layer
blocked UA from reacting with DA or PQQ. Hence, in the absence and the presence of UA, the

CVs are similar.

The blocking effect of the modified layer can be originated from physical barrier of the
grafted layer, electrostatic repulsion, hydrophobic nature or electron transfer limitation [9]. Due
to the unknown real structure of the grafted layer and the various possible reasons, it is difficult
to mention exactly why UA oxidation did not occur. When the two compounds (AA and UA)
were mixed, higher oxidation current was obtained in comparison with that in the oxidation of

AA alone
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6.3.5 Reproducibility of the electrochemical behavior of DA and PQQ bound to PDA

modified electrode

The freshly modified electrode was stored in the refrigerator (below 10 °C, Milli-Q
water) for 5 days. The electrochemical behaviour of the stored modified electrode at pH 7.1 and
3.0 is shown in Fig. 6.9(A) and (B). The PQQ and DA redox peaks clearly decreased after 5 days.
The bound compounds; PQQ and DA may be degenerated after storage. This means that the
reproducibility of the modified electrode is low. At pH 3.01, the redox currents are higher
compared to those at pH 7.1. This result is similar to that results obtained from freshly modified
electrode. This indicates that the electrochemical behavior of the DA and PQQ bound to the PDA

modified electrode are unchanged.

The PDA layer can be considered to be stable on the electrode surface because the bond
between the diazonium-derived layer and the electrode surface is stable for months. Besides that,
diazonium-derived layer has been known to withstand high temperature (at least 200 °C
depending on the diazonium compounds) [10]. The amide bond between PQQ and DA is also
stable because in a separate experiment, PQQ was still bound to DA even after 7 days of storage

(in this experiment, PQQ was bound only with DA and they did not attach to any surface).

6.4 Conclusion

Two redox active compounds (PQQ and DA) were covalently bound to the PDA
modified electrode through amide bond coupling between amino group of DA and carboxyl
group of PQQ and another carboxyl group of PQQ and amino group of PDA. The modified

electrode shows different behavior at different pH where anodic peak current of PQQ is highest
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at pH 1.04 and peak separation value of PQQ is lowest meaning fastest electron transfer.
However, at pH 6.9, the anodic peak current of PQQ is lowest and the peak separation value of
PQQ is highest meaning slowest electron transfer. These trends are the opposite from the trend of
free DA. The modified electrode blocked most of AA and all of UA from reacting on the
electrode due to the multilayers of the grafted compound on electrode surface. Finally,

reproducibility of the electrochemical behavior of modified electrode after storage.
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Fig. 6.1. Cyclic voltammograms (CVs) obtained at EPPG electrode in Ar saturated acetonitrile
containing 0.5 M HCIO4, 2 mM NaNO; and 1 mM p-phenylenediamine.
Potential scan rate: 20 mVs™.
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Fig. 6.2. CVs obtained at PQQ / PDA / EPPG and PDA/EPPG electrodes in Ar saturated 0.1 M
NaCl solution containing 50 mM universal buffer (pH 6.9).
Potential scan rate: 10 mVs™.
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Fig. 6.3. CVs obtained at DA / PQQ / PDA / EPPG electrode in Ar saturated 0.1 M NaCl
solution containing 50 mM universal buffers ((A and C) pH 6.9; (B and D) 3.01).
Potential scan rate: (A and B) 10 mVs™; (C and D) 100 mVs™.
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Fig. 6.5. Plots of (A) I,° vs. v and (B) AE, vs. v. Data were taken from CVs obtained at DA /
PQQ / PDA / EPPG electrodes.
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CHAPTER 7
GENERAL CONCLUSIONS

Electrochemical behaviour of DA depends on solution pH, its concentration, potential
scan rate etc. which are closely associated with the intracyclization reaction (ICR) and
polymerization. Electrochemical behaviour of DA has been studied experimentally and
theoretically and the obtained results were used to support the proposed model of
electrooxidation pathway of DA. DA-modified electrodes, in which DA is covalently bound to
chemically modified electrodes, was successfully fabricated through simple stepwise technique

of diazonium reduction on electrode surface and amide bond coupling.

In Chapter 2, electrochemical reaction of DA was investigated in detail. At acidic pH,
ICR did not occur because of the protonated amino group. ICR leads to formation of
leucodopaminechrome/dopaminechrome couple, and the redox peak of this couple was easily
observed from the first potential cycle in solutions of pH 6 and above. At pH 5, the redox peak
of leucodopaminechrome/dopaminechrome couple was observed after long time potential
holding at oxidative potential (i.e, 0.8 V) or at low potential scan rates (i.e, 10, 20 mVs™).
These indicate that ICR needs longer time to occur at pH 5. The electrochemical reaction of
DA proceeds in an ECC mechanism at pH 9 and below. However, at pH above 10, ICR and the
subsequent chemical reactions occur rapidly. Higher concentration of DA (i.e, 1 mM or more)
led to faster polymerization reaction resulting in the polymerized DA adsorbed on electrode
surface. A CEC mechanism proceeds at pH 10. The calculations of free Gibb’s energies,
HOMO/LUMO energies and natural charges of DA supported the results obtained from the

experiment.
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In Chapter 3, it was found that redox reaction of 5-MDA is simpler than that of DA.
This is because the methyl group at C5 position of benzene ring prevents the amino group from
nucleophilic attack at C5 position. ICR does not occur due to the methyl group.
Electrochemistry of 5-MDA is quite similar at pH 9 and below. However, at pH above 10, 5-
MDA was largely electroinactivated due to the attack by hydroxide group in the alkaline
solution. 5-MDA is more easily oxidized due to the methyl group compared to DA. High
concentration of 5-MDA led to faster polymerization of 5-MDA and subsequently they
adsorbed on the electrode surface. The methyl group could not prevent the polymerization
reaction from occurring. Comparison of HOMO/LUMO energies between DA and 5-MDA
provided the explanation on the question of why 5-MDA was more easily oxidized. 5-MDA
has higher HOMO energy compared to DA, meaning that 5-MDA more easily donates electron

than DA.

In Chapter 4, it was found that the incorporation of DA and 5-MDA on Nafion-
modified electrode is better at acidic pH compared to that at neutral pH. This is because the
positively charged amino groups of DA and 5-MDA are electrostatically attracted to the
negatively charged sulfonate group of Nafion. Comparing between DA and 5-MDA at acidic
pH, 5-MDA was more easily incorporated into the Nafion film probably due to the
hydrophobic attraction of the methyl group. The concentration of buffer solution affected the
incorporation process where the higher the concentration of buffer solution, the slower the
incorporation process due to the decreased electrostatic attraction. High concentration of
cations in buffer solution led to the decrease in the peak currents of DA and 5-MDA due to the
competition between electroactive and electroinactive cations in the buffer solution. At acidic

pH, the redox reaction of DA (and 5-MDA) on Nafion-modified electrode is E°' value shifted
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negatively compared to that on bare electrode due to hydrophobic interaction between the
oxidized form of DA (and 5-MDA) and the hydrophobic moieties of Nafion. In this case, the
AE, value on the modified electrode is larger than that on bare electrode due to the larger IR
drop effect. However at pH 7, redox reaction of DA (and 5-MDA\) is better (smaller AE, value)
on bare electrode compared to reaction on Nafion-modified electrode which is due to Nafion

repelled the DA (and 5-MDA).

Covalently bound DA to the p-aminobenzoic acid (PABA)-modified electrode was
fabricated in two steps technique in Chapter 5. The first step is the reduction of PABA
diazonium on the electrode surface. The PABA-modified electrode bears the carboxyl terminal
group. In the second step, the carboxyl group was bound to the amino group of DA (and 5-
MDA) through amide bond coupling. DA was found to be covalently bound to PABA since no
redox peak of the leucodopamichrome/dopaminechrome couple could be observed. This
indicated that ICR could not occur due to the amide bond binding between amino group of DA
and carboxyl group of PABA. It was found that both DA and 5-MDA were confined on the
electrode surface and that the amount of 5-MDA confined on the electrode surface was twice in
comparison with that of DA. Hydrophobic attraction between methyl group of 5-MDA and the
benzene ring of PABA could be the reason behind the high amount of 5-MDA. The peak
current ratios of DA and 5-MDA are close to unity at high potential scan rate (i.e, v> 200 mVs’
1). However at low potential scan rate (i.e, v < 20 mVs™), the ratio reduced to nearly half
because of the hydroxide group attacked the quinone forms of DA and 5-MDA. Ascorbic acid
(AA) cannot be easily oxidized on the modified electrode surface because PABA and DA (and
5-MDA) blocked the AA from oxidizing directly on the electrode surface . Hence, only small

peak current can be observed and the oxidation potential was shifted positively.
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Two redox molecules were covalently bound to the chemically modified electrode in
Chapter 6. The redox molecules were pyrolloguinoline quinone (PQQ) and DA. Similar
technique of electrode modification as shown in Chapter 5 was employed with a little
modification where (in the new technique) three steps were involved. The first step is
reduction of p-phenylenediamine (PDA) diazonium on the electrode surface. The PDA-
modified electrode bears the amino terminal group. The second step is the amide bonding
between the amino group of PDA and carboxyl group of PQQ. The final step is the binding of
amino group of DA and another carboxyl group of PQQ. ICR did not occur due to this amide
bonding formed in the final step. PQQ and DA molecules were stably confined on the electrode
surface. The amount of PQQ confined on the electrode was twice that of DA. This is probably
due to the orientation of PQQ on the electrode surface which blocked the DA from binding to
the carboxyl group. It was found that DA can electrocatalyze the oxidization the oxidation of

AA but PQQ cannot.
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