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Abstract

The concept of a bio-inspired oxidation reaction is used along with self-assembled monolayers for the selective recognition of
dopamine over ascorbic acid (AA) in this work. Self-assembled monolayers with negatively charged terminal groups are manipulated
for selective sensing of dopamine (DA). It is observed that the recognition sensitivity is increased in the mixed monolayer configuration,
and this is increased further when copper ions are included in the SAM matrix by chelation. Monolayers of mercaptoundecanoic acid
(MUA) and mercaptobenzothiazole (MBT) and mixed monolayers with decanethiol (DT) (viz., DT+MUA and DT+MBT) are used in
the present investigations. Good selectivity is observed in the case of the AuMUA, Au/MUA/Cu?>* and Au/(DT+MUA)/Cu?* films.
The oxidation of AA and DA occurs as two separate peaks in these configurations and hence better recognition is achieved.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Researchers customarily try to explore the efficiency
of highly expensive catalytic materials such as transition
metals like Pt, Pd, Rh or Ru for challenging organic
reactions as in the controlled oxidation of C-H bonds
[1]. When one tries to find out how Mother Nature
performs these types of reactions, it is surprisingly ob-
served that commonly available metals like iron, zinc
and copper are involved in the enzyme catalysed bio-
chemical reactions [2]. With this in mind we have at-
tempted to explore the catalytic oxidation of dopamine
(DA) initiated by copper, as the basis of the recognition
of DA using self-assembled monolayers. The genesis of
the idea of using copper as the catalyst arises from the
following facts observed in biological systems. Tyrosi-
nase, a di-nuclear copper(Il)-containing protein is found
to orthohydroxylate monophenols and further oxidizes
o-diphenol to an o-quinone [3,4]. DA B-monooxygenase
[5] is an enzyme based on copper which catalyses the
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conversion of DA into norepinephrine [6-8]. Another
metalloenzyme based on cupric ions is ascorbate oxidase
in which the copper is bound to the imidazole groups by
the nitrogen and to cysteine residues by the sulphur in
the enzyme active sites [9].

The concept of a bio-inspired oxidation reaction is
used along with self-assembled monolayers for the se-
lective recognition of DA over ascorbic acid (AA). DA
[10-17] plays an important physiological role as an ex-
tra-cellular chemical messenger. Parkinson’s disease is a
degenerative brain disorder with symptoms that include
tremor, rigid posture, slow movements, etc. and it arises
due to the lack of DA in brain fluids [18,19]. Because
DA and the other neurotransmitters like catecholamines
are easily oxidized, electrochemical methods based on
anodic oxidation have generally been used to monitor
their concentrations. Electrochemical determination of
DA is complicated by the coexistence of many inter-
fering compounds. Among them AA is of particular
importance because this species is oxidized at a potential
close to that of DA and it occurs in larger concentra-
tions compared to DA [20-23]. Another worrying issue
is the electrocatalytic oxidation of DA by AA [24,25].
Namely, oxidized DA, i.e. DA o-quinone is chemically
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reduced by AA. Hence the oxidation current of DA will
be altered. To increase selectivity, many different meth-
ods of electrode pretreatment and electrochemical
modification have been reported [26-33].

One of the promising approaches is the use of self-
assembled monolayers. The use of self-assembled mon-
olayers for a variety of applications such as sensors,
catalysis, electrochemical rectification, electrode kinet-
ics, etc., has already been established in our laboratory
[34-40].

The recognition of DA over AA using self-assembled
monolayers, which are negatively charged at neutral pH,
is the basis of the present investigation. The amine group
of DA is positively charged (pKp = 8.87) whereas the
hydroxyl group next to the carbonyl group of AA is
negatively charged at neutral pH (pK, =4.1) [41-43].
DA, being positively charged, is attracted by the nega-
tively charged monolayer and AA, being negatively
charged, is repelled away from the monolayer. This forms
the basis of the separation of these two compounds.

The compounds chosen for the formation of SAMs
are mercaptobenzothiazole (MBT), mercaptoundeca-
noic acid (MUA) and decanethiol (DT) (Scheme 1).
Monolayers and mixed monolayers are formed. MBT
has been chosen because it is found that imidazoles are
the building block unit of copper-containing enzymes
like ascorbate oxidase. MBT is known to complex Cu>*
ions [44] and MBT, which is a derivative of thiazole,
contains an aromatic ring fused with a thiazole ring
through which the monolayer is formed [45]. The pK, of
2-MBT is 6.93 at 20 °C and it exists in two forms,
namely the thione form and the thiol form [45-47]. In an
acid medium MBT is present in the thione form [48,49].
In a basic medium it exists in the thiol ion form (MBT™)
[45]. A combination of surface enhanced Raman spec-
troscopy (SERS) and ab initio molecular orbital calcu-
lations [50] suggest that MBT monolayers on gold have
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higher thermal stability when compared to other alkane
thiol monolayers, MBT adsorbs with its molecular plane
perpendicular to the surface of gold, in the thione form
[51]. Our experience with XPS experiments on merca-
ptobenzimidazoles has also indicated that Cu is chelated
to the imidazole unit and it is also well known that
mercaptobenzimidazoles and MBTs are structurally re-
lated heterocyclic thiols [52]. MUA has been chosen, as
it is known to complex Cu®* ions [53]. DT is chosen to
form a mixed monolayer with MBT and MUA. The
presence of DT increases the structural integrity of the
monolayers and the monolayers become compact and
impervious. Eight different types of electrode configu-
rations are used in the investigations: (1) Au/MBT, (2)
Au/MUA, (3) Au/(DT+MBT), (4) Au/(DT+MUA), (5)
Au/MBT/Cu*, (6) AWMUA/Cu**, (7) Au/(DT+MBT)/
Cu?* and (8) Au/(DT+MUA)/Cu*. The influence of
each configuration in the selective recognition of DA is
described in detail in this paper.

2. Experimental
2.1. Chemicals used

Mercaptobenzothiazole was purchased from Fluka.
MUA and DT were purchased from Aldrich. 3-Hy-
droxytyramine hydrochloride (DA) was purchased from
Acros Organics and AA was purchased from Indian
Drugs and Pharmaceuticals Ltd. All the other reagents
used were of Analar Grade.

2.2. Apparatus

All the cyclic voltammetric experiments were carried
out using a Wenking LB 75L potentiostat, a Wenking
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Scheme 1. Different SAMs chosen for investigation: (a) Au/MBT, (b) Au/(DT+MBT), (c¢) AuMUA and (d) Au/(DT+MUA).



T.M. Vergheese, S. Berchmans | Journal of Electroanalytical Chemistry 570 (2004) 35-46 37

(Model VSG 72) voltage scan generator and a Rika-
denki X-Y recorder. Experiments were conducted using
a three-electrode cell.

2.3. Electrodes

A gold (BAS) electrode of area 0.07 cm? was used as
the working electrode. Platinum foil was used as the
counter electrode and mercury-mercurous sulphate
(MMS, 1 M H,S0O,) was used as the reference electrode.

All the reactions were carried out in pH 7.62 phos-
phate buffer. 10 mM DA, 100 mM and 1 M AA and 5
mM CuSOy4 were used as stock solutions for the recog-
nition experiments. All the solutions were prepared us-
ing triply distilled water.

2.4. Standardization of gold electrodes

The gold electrodes, of 0.07 cm? area, were cleaned
using alumina slurry on emery papers of grade 3, 4 and
5. The cleaned electrodes were washed in triply distilled
water and cycled in 0.5 M H;SOy, in the potential range
of =0.4 V to +1.2 V. The cycling was continued till a
reproducible voltammogram showing the presence of
gold oxide formation and reduction was obtained. The
electrode was further standardized using a redox species
of [Fe(CN)g]*~/3~ in 0.5 M H,SOy in the potential range
of —0.4 V to +0.2 V. A AE,, value of 60 mV was con-
sidered as the criterion for a standardized electrode.
Once the electrodes were standardized they were used
for further modification.

2.5. Modification of the electrode

Aul MBT modified electrode: The standardized elec-
trode was dipped in 1 mM MBT dissolved in acetone
and left to stand overnight. The modified electrode was
washed with acetone and used for further experiments.

AulMUA modified electrode: The standardized elec-
trode was dipped in a 1 mM ethanolic solution of MUA
overnight. The modified electrode was washed with
ethanol and used for further experiments.

AulDT+MBT modified electrode: The standardized
electrode was dipped in DT for 1 h, rinsed with ethanol
and then dipped in 1 mM MBT dissolved in acetone for
3 h. The electrode was washed with acetone and used for
further experiments.

AUIDT+MUA modified electrode: The standardized
electrode was dipped in DT for 1 h, rinsed with ethanol
and then dipped in an ethanolic solution of MUA for
3 h. The modified electrode was washed with ethanol
and used for further experiments.

Preconcentration of Ci’™ on the above electrode con-
figurations: Cu**t was preconcentrated chemically by
immersing the Au/SAM modified electrode in the buffer
solution containing Cu?* ions followed by electro-

chemical reduction similarly to the procedure described
elsewhere [40]. In brief, the Au/SAM modified electrode
was immersed in the Cu?* solution for 10 min. After
that the electrode was washed thoroughly with water
and then electrochemically reduced at a negative po-
tential of —0.7 V vs. Hg|Hg,SO, for 10 min, after which
it was then used for the experiments.

3. Results and discussion
3.1. Bare gold electrode

Fig. 1 represents the cyclic voltammetric response
obtained for the bare gold electrode in (a) 1| mM of DA
in phosphate buffer and (b) 1 mM of AA in phosphate
buffer at a scan rate of 50 mV/s. It is observed from the
figure that DA is oxidized at the bare gold electrode at a
potential of 130 mV at v =50 mV/s and AA is irre-
versibly oxidized at a potential of —115 mV. The elec-
trochemical oxidation of the DA and AA corresponds
to a two-electron deprotonation process (Scheme 2). The
less positive peak potential for AA as compared to DA
at the bare electrode and the fact that the concentration
of AA is several orders of magnitude higher than DA in
a biological environment results in low selectivity for
detection of DA at bare electrode. Figs. 2 and 3 show
CVs for the two films Au/(DT+MUA) and AuW/MUA/
Cu?* indicating the analytical utility of the films studied
for sensing DA. The figures clearly show that the DA
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Fig. 1. Cyclic voltammograms showing responses at a bare electrode
(a) 1 mM DA and (b) 1 mM AA in phosphate buffer at v = 50 mV/s.
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Scheme 2. Scheme representing the oxidation reaction of DA and AA.
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Fig. 2. Cyclic voltammogram showing the response of DA for gradual
additions in the case of the Au/DT+MUA electrode: v = 50 mV/s. (a)
0.33 mM, (b) 0.66 mM, (c) 0.83 mM and (d) 1.6 mM.
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Fig. 3. Cyclic voltammogram showing the response of DA for gradual
additions to the AwW/MUA/Cu?" electrode (a) 0.33 mM, (b) 0.66 mM
and (c) 2.0 mM.

oxidation current increases with the gradual addition of
DA.

3.2. Selective recognition of DA using monolayers

Fig. 4(A), curve (a), indicates the response of DA (2.1
mM) observed in the presence of the MUA film. DA
oxidation occurs as a relatively broad peak at a potential
more positive than that observed on the bare electrode.
DA, being positively charged, is attracted electrostati-
cally to the negatively charged monolayer of MUA.
However electron transfer becomes sluggish as the
length of the SAM chain increases, though the long
chain thiols are known to form organized films. There-
fore DA oxidation occurs at a higher potential with a
reduced current and the electrochemical response shows
a drawn out wave. Similar behaviour has been observed
by other authors [43].

Fig. 4(A), curve (b), describes the changes in the cy-
clic voltammetric response observed when DA and AA
are present together. When the AA concentration is 10
times greater than that of DA, oxidation of AA and DA
occur as separate oxidation waves (curve (b), Fig. 4(A)),
which is advantageous for the selective recognition,
when AA is present in high concentrations along with
DA in brain fluids. The two waves observed are at
around —0.05 and —0.380 V. The first wave shows the
influence of AA on the electrocatalytic oxidation of DA.
Therefore the current represented by the first wave in-
creases compared to curve (a). The second wave corre-
sponds to the direct oxidation of AA. The current is
higher as the concentration of AA is 10 times that of
DA. When AA is present at low concentration there is
no change observed in the voltamogram, i.e., the vol-
tamogram represented by curve (a) remains unchanged.
This shows that at low concentrations of AA, AA does
not interfere with the selective sensing of DA.

Fig. 4(B), curve (a) represents the oxidation of DA
(0.33 mM) at the Au/MBT celectrode. DA oxidation
occurs at a slightly higher value than that observed on a
bare electrode as a broad peak. The oxidation current is
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Fig. 4. A: Cyclic voltammogram for the oxidation of DA (2.1 mM) (b) DA (2.1 mM)+AA (21 mM) on the Au/MUA electrode at v = 50 mV/s. B:
Cyclic voltammogram showing the response of (a) DA (0.33 mM), (b) DA (0.33 mM)+AA (3.3 mM) on the Au/MBT electrode at v = 50 mV/s.

reduced due to the distance of the monolayer from the
electrode surface, which reduces the electron transfer
kinetics. When AA is also present there is no change in
the voltammetric response. When the concentration of
AA is 10 times the concentration of DA (Fig. 4(B), curve
(b)) electrocatalytic oxidation of DA by AA occurs and
this is reflected as a current increase. At low concen-
trations, AA is completely blocked and hence selective
sensing of DA is possible. At higher concentrations, the
coexistence of AA is felt as an increase in the oxidation
current of DA, which represents the electrocatalytic
oxidation of DA by AA.

3.3. Selective recognition of DA using mixed monolayers

Fig. 5(A), curve (a) presents the cyclic voltammogram
showing the response for 1.6 mM DA at the Au/
DT+MUA electrode. When AA alone is present, the
film, being negatively charged, will repel the ascorbate

anions; hence no response is observed. DA is oxidized at
a potential closer to that of oxidation at the bare elec-
trode. The shape of the response is as observed in the
case of Au/MUA indicating a slowing down of the
electrochemical kinetics due to the length of the mono-
layer. When AA is added to the solution, along with
DA, we observe that the current increases at a potential
close to the oxidation peak which shows the electroca-
talylsis of DA by AA. The results show that in this film,
DA can be selectively sensed at low concentrations of
AA. When the concentrations become equal, the selec-
tive sensing property is lost (Fig. 5(A), curve (b)). At
equal concentrations, DA undergoes electrocatalytic
oxidation in the presence of AA.

Fig. 5(B), curve (a), presents the cyclic voltammo-
gram observed for 0.62 mM DA at the Au/(DT+MBT)
electrode. It is observed that DA oxidation is observed
at a lower positive potential at the Au/(DT+MBT)
electrode (-200 mV) compared to that of the bare
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Fig. 5. A: Cyclic voltammogram showing the oxidation of (a) DA (1.6 mM), (b) DA (1.6 mM)+AA (1.6 mM) at the Au/DT+MUA electrode at
v = 50 mV/s. B: Cyclic voltammogram showing the oxidation of DA (0.62 mM) (b) DA (0.62 mM)+AA (8.3 mM) at the Au/DT+MBT electrode at

v=>50 mV/s.
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electrode. The peak current increases with increase in
concentration of DA. The peak response is well defined.
No influence of AA was observed in the electrochemical
response; i.e., the cyclic voltammograms did not show
any change on the addition of AA. Fig. 5(B), curve (b)
shows the effect of addition of AA to a concentration ten
times that of DA. The influence of AA is seen when the
concentration is 20 times greater (not shown in the fig-
ure) when the electrocatalytic current starts to appear.

3.4. Bio-inspired recognition

Fig. 6(A), curve (a), present the cyclic voltammogram
obtained for the Au/MUA/Cu?* electrode configura-
tion. It is observed from the figure that DA oxidation
occurs at a lower overpotential compared to the oxida-
tion at a bare electrode (—150 mV). This indicates that
DA is catalytically oxidized at the Au/MUA/Cu**
electrode and the catalytic current increases with in-
crease in concentration of DA. Fig. 6(A), curves (b) and
(c), depicts the interference effect of AA. When AA is
present at low concentrations there is no effect. When
the concentration of AA is increased to 10 times that of
DA, two oxidation waves with partial overlap are ob-
served which is again advantageous for selective recog-
nition. One wave is observed around +0.05 V and a
broad wave is observed at a higher potential. The first
wave has a higher current compared to curve (a), as it
contains the contribution due to the electrocatalytic
oxidation of DA by AA. The second wave corresponds
to the direct oxidation of AA.

Fig. 6(B), curve (a), presents the cyclic voltammo-
grams for the electrode configuration Au/MBT/Cu?*.
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The DA (0.3 mM) catalytic oxidation occurs at a lower
potential of —180 mV. As the concentration of DA in-
creases, the catalytic current also increases and the peak
potential shifts to more positive values. On the addition
of AA, the current response becomes broader and in-
terference is observed only when the concentration of
AA increases to more than 10 times that of DA. When
the concentration of AA is 10 times greater, the DA
oxidation current increases, which shows the electroca-
talysis of DA by AA.

Fig. 7(A), curve (a), depicts the cyclic voltammo-
grams of DA (2 mM) for the electrode configuration Au/
(DT+MUA)Cu?*. It is clear from the figure that DA is
catalytically oxidized at the electrode at low overpo-
tentials (=150 mV) and it is found that the catalytic
current increases with an increase in concentration of
DA. Only a sample curve is shown in curve (a). When
AA is present as an interferent, it is observed there is no
effect when the AA concentration is lower than that of
DA. When the concentrations of AA and DA are equal,
the oxidations of AA and DA occur separately and they
are observed as two separate peaks (Fig. 7(A), curve (b))
therefore this electrode configuration is suited for the
separation of DA and AA. The wave corresponding to
DA (more negative wave of curve (b), Fig. 7(A)) de-
creases compared to curve (a), Fig. 7(A). The repulsion
of AA by the Au/(DT+MUA) layer will be greater
compared to the repulsion due to the AU/MUA
monolayer, as DT molecules are hydrophobic. Hence
the oxidized DA molecules cannot undergo electrocat-
alytic oxidation by AA, as they do not encounter AA
molecules within the proximity of the electrode. Hence
there is a decrease in current. When the concentration of
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Fig. 6. A: Cyclic voltammogram showing the oxidation of (a) DA (1.6 mM), (b) DA (1.6 mM)+AA (1.6 mM), (c) DA (1.6 mM)+AA (16 mM) on the
Au/(MUA) Cu?* electrode at v = 50 mV/s. B: Cyclic voltammograms showing the oxidation of (a) DA (0.33 mM), (b) DA (0.33 mM)+AA (3.3 mM)

on the Au/(MBT) Cu?* electrode at v = 50 mV/s.
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Fig. 7. A: Cyclic voltammograms representing the oxidation of DA (2 mM) (b) DA (2 mM)+AA (2 mM) on the Au/(DT+MUA) Cu’* electrode at
v =50 mV/s. B: Cyclic voltammograms showing the oxidation of DA (0.33 mM) (b) DA (0.62 mM), (c) DA (1 mM)+AA (1.6 mM) on the Au/

(DT+MBT) Cu?* electrode at v = 50 mV/s.

AA is increased tenfold, the DA oxidation current in-
creases. This corresponds to the electrocatalytic oxida-
tion of DA by AA. This is followed by the direct
oxidation of AA.

Fig. 7(B); curve (a), presents cyclic voltammograms
for Au/(DT+MBT) Cu?* in phosphate buffer for a DA
concentration of 0.3 mM. The oxidation occurs at a
lower potential of around —60 mV. As the concentration
of DA increases, the peak shifts to more positive po-
tentials (Fig. 7(B), curve (b)). The interference effect of
AA observed in this film is more pronounced. The
current increases by 50% even for equal concentrations
of DA and AA (Fig. 7(B), curve (¢)).

3.5. Basis of recognition of dopamine vs. ascorbic acid

The thiols used in the present study are MBT, MUA
and DT. It has been recently reported by us [54] that
MBT monolayers, being negatively charged at neutral
pH, can be tuned to discriminate between positively and
negatively charged redox species by changing the pH.
This concept has been verified with the redox species
[Fe(CN)g]> /4~ and [Ru(NH;3)s]**/3*. Typical results
obtained are given for the Au/(DT+MUA) configura-
tion in Fig. 8. In the case of Au/MUA films it is ob-
served that the electron transfers due to [Fe(CN)g]*/3~
and [Ru(NH;)s]**/3* are both blocked at acidic pH, and
in phosphate buffer (pH = 7.62), the electron transfer
due to ferrocyanide ions is completely blocked while the
electron transfer of the species [Ru(NH3)s]>*/2* occurs
with decreased electron transfer kinetics. These obser-
vations can be understood from the electrostatic inter-
actions. From these results it can be concluded that, at
neutral pH, positively charged species can be selectively
recognized and hence the investigations have been made.
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Fig. 8. Cyclic voltammograms showing the response of (a) 1 mM
[Ru(NH3)6]** in 0.5 M H,S04, (b) 1 mM [Ru(NH;)]** in 0.5 M
Na;S0y4, () 1 mM [Fe(CN)g]*~ in 0.5 M Na,SO4, (d) 1 mM
[Fe(CN)g]*~ in 0.5 M H,SOq, (¢) 1 mM [Ru(NH3)]** in phosphate
buffer, (f) 1 mM [Fe(CN)s]*~ in phosphate buffer on the Au/
(DT+MUA) modified electrode; Scan rate =50 mV/s.

DA oxidation is observed at a slightly higher po-
tential, compared to that at the bare electrode, and
the peak observed is irreversible with a current lower
than that of a bare electrode in the case of the Au/
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MUA and Au/MBT celectrode configurations. The
reasoning is as follows: MBT and MUA form highly
organized monolayers and electron transfer is slowed
down as the length of the thiol chain increases. It has
been shown that the pK, value of a carboxylate ter-
minated monolayer shifts from a bulk pK, value of 4
to a surface pK, value of 7.5 [55-57] and the pK,
value of MBT is found to be 6.93 at 20 °C. The
oxidation is also hindered by Na™, which competes
with the positively charged DA species to be attracted
to COO~ groups [58,59]. This also contributes to the
decrease in the electrochemical kinetics in the mono-
layers. Hence the electrochemical response of DA is
observed as a wave/plateau.

3.6. Influence of DT in a mixed monolayer

When the results observed in the case of mixed
monolayers are compared, it is found out that the DA
oxidation occurs at a lower potential than at the bare
electrode and the response is a well defined peak in
the case of AU/(DT+MBT) and a broad peak in the
case of Au/(DT+MUA). In both cases the currents
observed are higher, compared to Au/MBT and Au/
MUA (see Table 1). In the case of mixed monolayers,
DT molecules stretch out like pillars, and being hy-
drophobic, they repel the Na*t ions from attachment
to the MBT™ ions. Hence all the anionic groups are
free and positively charged DA species can be at-
tached favourably to the anionic species. Hence higher
currents are observed in the case of Au/(DT+MBT).
In the case of Au/MUA, the length of the MUA
chain will be longer than the DT chain. Hence the
screening of Na' ions will be less. However the
presence of DT molecules minimizes the hydrogen
bonding between the —COOH groups and therefore
more —COOH remains deprotonated than in the free
Au/MUA film and hence more current is observed in
this case also [59].

Table 1
Potential current characteristics of DA oxidation on the different
electrode configurations used in the investigation

Electrode configuration [DA] Ipa Epcax Nature of
(mM) (HA) (mV) the peak

Au/MUA 1.42 3.7 280 Broad
Au/DT+MUA 1.426 5.0 50 Broad
Au/MUA/Cu?** 1.426 5.5 -80 Broad
Au/(DT+MUA)Cu** 1.426 4.5 =70 Peak
AU/MBT 0.33 1.2 200 Broad
Au/DT+MBT 0.33 3.0 -120 Peak
Au/MBT/Cu** 0.33 3.5 -130 Peak
Au/(DT+MBT) Cu** 0.33 3.5 -100 Peak
Bare Au 1.0 9.0 130 Peak

3.7. Influence of Cu?* ions

In all the configurations with Cu*, it is observed that
DA oxidation occurs at lower potentials compared to
the oxidation at the bare electrode since copper catalyses
the oxidation. Based on the facts available in the liter-
ature [59,60] a tentative mechanism is proposed in
Scheme 3. A similar mechanism is proposed where
screen-printed Cu electrodes are used to discriminate
diphenols from monophenols [60,61]. The influence of
Cu?* ions is similar to those observed in biological re-
actions [1,2]. This mechanism involves the formation of
a five membered intermediate of DA with Cu?*, fol-
lowed by electron transfer and dehydrogenation. The
formation of an o-quinone derivative with reduced Cu™
can result in Cu*being further reoxidised to Cu?*. The
formation of the DA-Cu’" five-membered intermediate
is considered to be the factor for selectivity. The mech-
anism is supported by our observation that the DA
oxidation current showed a linear dependence with scan
rate (Fig. 9); this indicates a surface thin film process as
against a mass transfer controlled process and supports
the proposed mechanism. Similar reactions are well es-
tablished in the solution phase [62].

3.8. Interference due to AA

None of the films used in the present investigation
show any response to AA when it is present alone. AA,
being negatively charged, will be repelled by the car-
boxylic acid monolayers at pH = 7.62 when they remain
deprotonated. Due to the introduction of DT molecules
the repulsion will be greater, as DT is hydrophobic.
However, AA molecules oxidize the DA molecules
electrocatalytically. The oxidized DA, i.e. DA o-quinone
is chemically reduced by AA. Hence the oxidation of
DA is likely to be altered even though the film is nega-
tively charged and is able to repel ascorbate anions.
Further, only if the oxidized DA species encounter AA
ions within the proximity of the electrode surface will
they be reduced chemically by AA. Therefore, if the
diffusion layer thickness is very small, the chances of
chemical reduction by AA will be lower. By using of
ultramicroelectrodes, this problem of electrocatalysis
can be avoided [43]. From our results we see that in the
case of AUMUA, Au/MUA/Cu’>* and Au/(DT+MUA)
Cu?*, two well-separated waves are observed when the
concentration of AA is 10 times that of DA. The more
negative wave is ascribed to DA oxidation and the sec-
ond wave is ascribed to direct oxidation of AA. In the
case of Au/MUA and Au/MUA/Cu?*t electrodes, the
electrocatalytic oxidation of DA by AA is reflected as
the increase in the current observed for the oxidation of
DA. In the case of the AU/(DT+MUA) Cu?* electrode,
the current for DA oxidation decreases due to the in-
creased repulsion of AA by the Au/(DT+MUA)
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Scheme 3. Proposed reaction mechanism for the bio-inspired oxidation of DA in Au/MUA SAMs [59,60].

monolayer and the absence of electrocatalytic oxidation
of DA by AA. Hence these films are best suited for se-
lective recognition. The interference effect of AA de-

Current/puA
[«-3
T

0 1 1 1 1 1 1 1 | 1 | 1 1 1 il 1
0 40 80 120 160 200 240 280 320
Scan rate/mvVs''

Fig. 9. Linear plot showing the dependence of the DA (0.9 mM) oxi-
dation current with scan rate for the AuMUA/Cu?* modified electrode.

pends upon the concentration levels of AA in the
solution. The concentration dependence is explained as
follows.

The electron transfer kinetics across self assembled
monolayers depend on several factors like the length of
the alkyl chain, the structural integrity of the monolayer
which is determined by the nature of pinholes, defects,
etc., and the charge on the terminal groups of the self
assembled monolayer. The electron transfer rate de-
creases as the chain length increases as determined by
the Marcus equation. The structural integrity deter-
mines the blocking properties of the monolayer. The
charge on the terminal groups, which is a function of
pH, determines the facility of the kinetics based on
electrostatic considerations. MUA and MBT are known
to form organized films on gold substrates. The intro-
duction of DT is known to increase the structural
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integrity and hence increases the blocking property of the
monolayer and prevents the entry of small electroactive
molecules. This blocking property decreases as the con-
centration increases. Our earlier results on a mixed
monolayer of thioctic acid and DT clearly demonstrate
this feature [39]. In the present work, we are interested in
the electron transfer kinetics of AA and DA on the four
films MUA, MBT, DT+MUA and DT+MBT at
pH = 7.0. At neutral pH, MUA and MBT are known to
be negatively charged. Now the electron transfer across
the film is determined by the blocking property or
structural integrity and charge on the monolayer. It is
observed that in all the four films studied, both the
blocking characteristics of the monolayer and the charge
on the monolayer prevent the entry of AA into the film.
No electrochemical response is observed for AA when it
is present alone in the four films. In the case of DA, the
response is observed with decreased electrochemical ki-
netics in the case of MUA and MBT. The length of the
chain and the blocking character decrease the electron
transfer. Hence the sensing of DA is not at all affected in
the presence of low concentrations of AA. When the AA
concentration is increased (say by 10 times) the number
of negative charges near the monolayer increases at the
interface and the monolayer structure is reoriented. In
the new orientation, the oxidation of DA and AA are
dictated only by electrostatic considerations as observed
by Malem and Mandler [43]. Oxidation of DA is shifted
favourably to a lower potential. AA oxidation occurs as
a separate peak at a higher potential. The observed re-
sults fit two types of mechanism. In the case of MUA,
MUA/Cu?* and (DT+MUA)Cu?* the observations are
similar. As long as the AA concentration is low, the
sensing of DA is unaffected by AA. AA is completely
blocked by the monolayer. When the concentration of
AA increases tenfold, film reorientation takes place and
the blocking property decreases. Now the AA molecules
are oxidized at a higher potential as the negatively
charged monolayer decreases the kinetics. Then selective
sensing of DA is possible as two separate peaks are
observed.

In the case of the other films, MBT, DT+MBT,
(MBT)Cu?* and DT+MUA, as the concentration of
AA increases, the monolayer still remains intact and the
structural integrity of the monolayer and electrostatic
considerations block the AA oxidation. In these films, it
is observed that, as the concentration of AA increases,
the blocking property of the film is retained. The coex-
istence of AA is seen in the electrocatalytic oxidation of
DA by AA. The electrocatalysis is represented as

DA — DAy, + e~ (1)
DA, + AAy, — DA + AA,, (2)

However the electrocatalytic oxidation of DA can be
avoided by the use of ultramicroelectrodes and selective

sensing can be retained. A linear relationship is observed
when the oxidation peak currents of DA are plotted
against their respective concentrations. Fig. 10 indicates
the application of these films for the analysis of DA, and
the sensitivity increases in the case of the films con-
taining chelated Cu?* ions. The analysis has also been
performed in the presence of AA (Figs. 11-13). In the
case of the Au/MUA electrode, when the concentration
of AA is low (0.33 mM) the linear plot is not much al-
tered. When the AA concentration is raised tenfold we
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Fig. 10. Graph showing the relationship between peak current (/p) and
concentration of DA on (a) AwMUA/Cu?*, (b) AwWDT+MUA/Cu>*,
(c) Au/DT+MUA and (d) Au/MUA modified surfaces, v = 50 mV/s.

24 - c

20

16 -

Current/ pA
1

104 [AAYM

Fig. 11. Graph showing the relationship between the peak current (/p)
and concentration for different additions of DA in the presence of AA
on the Au/MUA modified electrode. (a) 0 mM AA, (b) 0.33 mM AA
and (c) 3.3 mM AA, v =50 mV/s.
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Fig. 12. Graph showing the relationship between peak current (/p) and
concentration for different additions of DA in the presence of AA on
the AuMUA/Cu?t modified electrode (a) 0 mM AA, (b) 0.33 mM AA
and (c) 3.3 mM AA, v =50 mV/s.
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Fig. 13. Graph showing the relationship between the peak current (/p)
and concentration for different additions of DA in the presence of AA
on the Au/(DT+MUA)/Cu*" modified electrode. (a) 0 mM AA, (b)
0.33 mM AA and (c¢) 3.3 mM AA. v =50 mV/s.

obtain a plot as indicated in curve (c) of Fig. 9. Initially
there is an increase in current, which represents the
electrocatalytic oxidation of DA. After the initial in-
crease, the plot becomes linear for further additions of
DA. Hence, even in the presence of AA, linearity is
maintained. Figs. 10 and 11 show the results of the
analysis carried out in the presence of AA. In the case of
Au/MUA/Cu®>* and Au/(DT+MUA)Cu’* the plots re-
veal that the presence of AA does not affect the esti-
mation. We expect to see saturation behaviour in the
case of plots showing the variation of peak currents with
concentration for the copper derivatised electrodes as we
have envisaged a mechanism (Scheme 3) where DA
forms a five membered intermediate with Cu?*.
Fig. 10(a) clearly shows saturation behaviour. In other
cases the saturation limit is perhaps not reached and is
not seen explicitly. By carrying out the experiments over

a wide range of concentrations, the saturation behaviour
can be demonstrated.

4. Conclusions

The results observed have demonstrated the influence
of monolayers and mixed monolayers in recognizing DA
over AA based on electrostatic considerations. In the
case of mixed monolayers, the sensitivity of recognition
increases due to the hydrophobicity of DT, the DA
oxidation occurs at a lower potential and the currents
observed are higher compared to those in the case of
monolayers. The presence of Cu?* ions has influenced
the recognition property in two ways: (1) by decreasing
the overpotential for DA oxidation sufficiently to a
negative potential which amounts to a potential gain of
around 300 mV, (2) by increasing the current for the
oxidation of DA which can be manipulated for detec-
tion of the species to low levels of concentration of the
order of fractions of mM.

None of the films are found to show any response to
AA at neutral pH. AA species, being negatively charged,
are repelled from the negatively charged SAMs at neu-
tral pH. However, when AA is present along with DA,
most of the films are indifferent to the presence of AA, in
the sense that the electrochemical response of DA is not
affected by AA for concentrations of AA less than
around 10 times the concentration of DA. When the
concentration of AA is increased beyond tenfold, the
electrocatalytic oxidation of DA is observed. An inter-
esting observation is obtained in the case of the
(DT+MUA)/Cu*t, Au/MUA and Auw/(MUA)Cu**
films. The oxidations of DA and AA are observed as
well separated peaks; this is attributed to the reorien-
tation of the film, and the oxidations of DA and AA are
dictated by electrostatic considerations only. Hence the
concentration of DA can be monitored without the in-
fluence of AA. Hence these films are best suited for the
selective recognition. In the case of the other films the
presence of AA is reflected as the electro catalytic oxi-
dation of DA. The blocking properties of the films are
retained at all concentrations of AA. Hence these films
are suited for selective sensing only at low concentra-
tions of AA. However by the use of ultramicroelectrodes
we can decrease the concentration of oxidized DA in the
vicinity of the electrode and hence we can avoid the
electrocatalytic effects. This should be a better method
for selective sensing and this will be included in our
future investigations.
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