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The surface coverage of 3-mercaptopropylphosphonic acid (HS-CH,CH,CH,-PO3H;, MPPA) self-
assembled monolayers (SAMs) on gold surface can be controlled by the dissociation degree of phosphonic
acid groups (-PO3H;) in the bulk solution and adsorption time of MPPA molecules under the basic con-
dition. Electrochemical measurements show that the low-density MPPA-SAMs modified gold electrode
enhances significantly the kinetics of electron transfer of dopamine (DA), and improves the antifouling
capability of modified electrode towards DA oxidation. The present results offer crucial information for
design and optimization of the electrochemical sensors for DA determination.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The electrochemical determination of the concentration of DA is
an important issue for investigating its physiological functions and
diagnosing nervous diseases due to the crucial role of DA in neu-
rochemistry [1-12]. In order to eliminate the interference of other
electro-active compounds (such as ascorbic acid and uric acid) and
prevent the poison of the bare electrode by the oxidation products
of DA, various modified electrodes have been constructed to inves-
tigate and detect DA, such as electrodes modified with polymers [1],
self-assembled monolayers (SAMs) of thiolates [2], metal complex
[3], carbon nanoparticles material [4], and so on. Among them, the
electrochemical determination of DA at the SAMs modified elec-
trodes (mainly, gold and carbon substrate electrodes) has attracted
extensive attentions of several groups over the past 20 years due
to the well-defined structures of SAMs and the ease of fabrication
[5-12]. These investigations facilitate a fundamental understand-
ing of the SAMs-DA interaction occurring in the electrode-solution
interface (i.e. double layer region) at the molecular level due to the
simplicity of the SAMs-DA system.

It is well known that the electrochemical behavior of DA on
the SAMs modified electrode is strongly dependent on the thick-
ness of the monolayer [11], the type of terminal functional group
[6-9,12] and the morphology of substrate [5]. Very recently, we
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have reported the high-density MPPA-SAMs modified gold elec-
trode for sensitive determination of DA in the presence of ascorbic
acid, however, the modified electrode suffers from a fouling effect
due to the accumulation of oxidized products [2]. Although some
researchers think that the well-organized and compacted SAMs
modified electrode can offer advantages such as selectivity, sensi-
tivity and small over-potential for the determination of DA [6,7], to
the best of our knowledge, the effect of the surface coverage of the
SAMs on the electrochemical behavior of DA has not been reported
systemically.

The aim of this work is to use cyclic voltammetry to investigate
the effect of the surface coverage of the SAMs on the electrochemi-
cal behavior of DA rather than the electrochemical determination of
the concentration of DA. In this report, we for the first time observed
that the electrochemical behavior of DA was strongly dependent on
the fractional surface coverage of the phosphonic acid terminated
SAMs. The gold electrode modified with low-density MPPA-SAMs
significantly enhanced the kinetics of electron transfer of DA, and
improved the antifouling capability of modified electrode towards
the oxidation of DA. The work provides a fundamental in under-
standing the SAMs-DA interaction and offers crucial information
for design and optimization of the electrochemical sensors about
DA determination.

2. Experimental
2.1. Materials

Dopamine (DA) was received from Sigma-Aldrich (St. Louis,
USA) and used without further purification. 3-Mercaptopropyl-
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phosphonic acid (HS-CH,CH;CH,-PO3sH;, MPPA) was synthesized
according to literature [2]. The other chemicals were of analytical
grade (AR). All the aqueous solutions were prepared with Milli-
pore water having a resistivity of 18.2 M2 (Purelab Classic Corp.,
USA). 0.1 M phosphate buffer solution (PBS, pH 7.4) was prepared
by using Na;HPO,4 and NaH, POy. Freshly prepared DA solution was
used in all experiments.

2.2. Apparatus

Voltammetric experiments were performed by using a CHI 660 B
electrochemical analyzer (CH Instruments, Shanghai Chenhua Co.).
All voltammograms were recorded with a three-electrode system
consisting of a saturated calomel reference electrode (SCE), a Pt
plate as the counter electrode, and the bare gold or modified gold
electrodes as the working electrode. The electrolyte was purged
with high-purity nitrogen for at least 10 min prior to measure-
ments to remove dissolved oxygen. Then the electrochemical cell
was kept under nitrogen atmosphere throughout the experiments.
All the electrochemical experiments were carried out at room tem-
perature (20+2°C). In all cyclic voltammetry and linear sweep
voltammetry measurements, the scan rate is fixed at 100mVs—!
and the supporting electrolyte is 0.1 M PBS (pH 7.4) unless other-
wise stated. The formal potentials of SAMs desorption in 0.5 M KOH
solution were presented by using 10 measurements for 1 sample.

The high-resolution X-ray photoelectron spectroscopy (XPS)
measurements were carried out on a Thermo VG Scientific ESCALAB
250 spectrometer with a monochromatic Al Ko X-ray source
(1486.6 eV photons), and the vacuum in the analysis chamber was
maintained at about 10~2 mbar or lower. Power of the X-ray source
was kept constant at 150 W. The binding energy was calibrated by
means of the Au 4f;, peak energy of 84.0 eV. The curves were fitted
by using the XPSPEAK41 software.

2.3. Preparation of MPPA-SAMs modified electrodes

Before deposition of MPPA-SAMs, a gold electrode (CHI, 2 mm
in diameter) was pretreated by the oxidation/reduction cycling in
a 0.5M H,S04 solution [13]. Then, the pretreated electrode was
immersed in a solution of 4mM MPPA +0.1 M HClO4 for 24 h, or a
solution of 4 mM MPPA +0.1 M KOH for 24 h, or a solution of 4 mM
MPPA+0.1 M KOH for 15 min at room temperature. After the elec-
trode was rinsed with the same base-acid rinse protocol [14] (i.e.
the electrode was rinsed consecutively with Millipore water, 0.1 M
KOH, 0.1 M HClOy4, and Millipore water, respectively), the result-
ing electrode was denoted as the MPPA-H/Au, MPPA-M/Au and
MPPA-L/Au electrode, respectively.

3. Results and discussion
3.1. Preparation of MPPA-SAMs

In our previous work [14], the base-acid rinse protocol has been
presented to prepare the MPPA monolayers free of unbound MPPA
thiols. As revealed by the XPS measurements (Fig. 1A), only dou-
blet peaks of bound MPPA thiolates (Syp3pp: 162.0eV and Sy,q)5:
163.2eV) are observed in each S, spectrum, and no trace of
the peaks associated with K* ions (Kyp32: 292.9eV and Kypyp:
297.0eV) are observed in the Ky, region (290-300eV), indicating
that all three electrodes contain completely protonated monolay-
ers of MPPA [14]. The difference in surface coverage of MPPA-SAMs
at the three electrodes is confirmed by XPS and electrochemical
desorption measurements. XPS scans of the S, region show that
the peak intensity of Sy, at the MPPA-H/Au electrode is 1.3 and
2 times larger than that at the MPPA-M/Au and MPPA-L/Au elec-
trode, respectively (Fig. 1A), which demonstrates that the order of
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Fig. 1. (A) XPS spectra of (a) the MPPA-H/Au, (b) the MPPA-M/Au and (c) the MPPA-
L/Au electrodes in the K, region and Sy, region. (B) Linear sweep voltammograms
of (a) the MPPA-H/Au, (b) the MPPA-M/Au, (c) the MPPA-L/Au and (d) the bare gold
electrodes in 0.5 M KOH at scan rate of 100 mVs~"'.

the surface coverage of the MPPA-SAMs at the different electrodes
is MPPA-H/Au > MPPA-M/Au and MPPA-L/Au electrode.

The difference in surface coverage of MPPA-SAMs at these
three electrodes is confirmed by the electrochemical desorption
measurements of the SAMs in 0.5M KOH solution. As shown
in Fig. 1B, the MPPA-H/Au electrode show one clear desorp-
tion peak located around —1.13+0.02V and a very small peak
located at —0.95+0.03V. The appearance of small peak can be
explained by the presence of a disordered phase of MPPA-SAMs
at the step and domain boundaries [15-18]. For comparison, the
MPPA-M/Au shows two clear desorption peaks (about —1.13 4 0.02
and —-0.95+0.03V), and the MPPA-L/Au electrode shows three
clear desorption peaks (about —1.154+0.02, —0.99+0.04 and
—0.7 £0.03 V). The observations demonstrate massive disordered
phase of MPPA-SAMs exists in the surface of MPPA-M/Au and
MPPA-L/Au electrodes. It is clear that desorption peak poten-
tial of thiolates-SAMs is also related to the compactness of the
SAMs [19-22]. Compacted thiolates-SAMs always result in des-
orption peak potential at more negative values because densely
packed SAMs are likely to be less permeable to ions than
loosely packed SAMs. Thus, the distinguished difference in des-
orption peak potentials of MPPA-SAMs implies the order of the



1078 M. Zheng et al. / Talanta 81 (2010) 1076-1080

compactness of the MPPA-SAMs at the different electrodes is
MPPA-H/Au > MPPA-M/Au and MPPA-L/Au electrode. The reductive
desorption of thiolates-SAMs on the Au surface is a one elec-
tron reaction process, and thus the surface concentration of the
thiolates-SAMs can be roughly determined from the charge con-
sumed during the reductive desorption [14]. By integrating the
current under the desorption peak (Fig. 1B), the surface coverage of
the MPPA-SAMs at MPPA-H/Au, MPPA-M/Au, and MPPA-L/Au elec-
trodes are estimated to be 5.5+0.4 x 10710, 444+ 0.4 x 10-19, and
2.9+0.3 x 10-19 mol cm~2, respectively. Thus, the electrochemical
characterizations further indicate that the MPPA-H/Au and MPPA-
L/Au electrode has highest and lowest fractional surface coverage
of the MPPA-SAMs among the three electrodes, respectively.

Thus, the surface coverage of MPPA-SAMs on gold electrode can
be controlled by the dissociation degree of -PO3H,; in the bulk
solution. Namely, a higher dissociation degree of the phosphonic
acid group results in a high charge of MPPA molecules and hence
larger electrostatic repulsion between MPPA molecules on the gold
surface, leading to less compacted SAMs [14]. Therefore, the MPPA-
M/Au electrode prepared under the basic condition has less surface
coverage of MPPA-SAMs than that of MPPA-H/Au electrode pre-
pared under the acidic condition.

The self-assembly process of non-charged thiol molecule
on gold surface was a two-step process: an initial fast step
followed by a slow step [23-25]. During the first step, the
non-charged thiol coverage quickly increases up to coverage
of about 80-90% of the completed monolayer within 1-2 min.
For example, Raj and Behera observed that the surface cover-
age for three different 6-mercaptonicotinic acid SAMs prepared
at different soaking time did not change appreciably [26]. The
surface coverage value for the 6-mercaptonicotinic acid SAMs
prepared at 30 min, 2h and 20h soaking time was found to be
2.0x10719,2.01 x 10-19 and 2.02 x 10-1° mol cm~2, respectively.
As the case of 6-mercaptonicotinic acid SAMs, the surface coverage
of MPPA-SAMs on gold surface should be also hardly modulated
by controlling adsorption time of MPPA molecules under the
acidic conditions due to fast adsorption kinetics. After a pretreated
gold electrode is immersed in a 4 mM MPPA solution containing
0.1 M HCIO4 for 15 min, the electrochemical desorption curve of
MPPA-15 min/Au electrode obtained is similar to that of present
MPPA-H/Au electrode (data not shown), indicating the formation
of MPPA-SAMs on gold surface is rather fast under the acidic con-
dition.

In the previous works, Bard and co-workers [27,28] have found
that the self-assembly process of charged thiol on gold surface was
also a two-step process. However, the initial step was completed
within about 150 min, indicating the adsorption kinetics of charged
thiol molecules on gold surface was very sluggish compared to
non-charged thiol molecules. Once MPPA-SAMs were prepared
under the strong basic condition, similar phenomenon was also
observed in our present works. As revealed by the XPS and electro-
chemical desorption measurements (Fig. 1), the surface coverage
of MPPA-SAMs at the MPPA-L/Au electrode is much lower than
that of MPPA-M/Au electrode, indicating that adsorption kinet-
ics of MPPA molecules is sluggish under the basic condition. The
present observations indicate that solution pH affect considerably
the adsorption kinetics of MPPA molecules. Under the acidic con-
dition, the interchain hydrophobic interaction of neutral MPPA
molecules is favorable for the self-assembling process. On the con-
trary, under the basic condition, the repulsive interaction between
adsorbed negatively charged MPPA is responsible for the sluggish
adsorption kinetics of MPPA molecules on gold surface [27]. As
a result, the surface coverage of MPPA-SAMs on gold surface can
further be modulated conveniently by controlling adsorption time
of MPPA molecules under the basic condition due to its sluggish
adsorption kinetics.

3.2. Electrochemistry of DA on the MPPA-SAMs

In our previous works [2], Fe(CN)g3~ and Ru(NH3)g3* redox
probe molecules, carrying oppositely charge, have been used to
investigate systematically the interface properties of the MPPA-
SAMs modified electrode. It was observed that the electron transfer
of Fe(CN)g3~ was completely blocked at the MPPA-SAMs modi-
fied electrode due to electrostatic repulsion, whereas no blocking
effects occurred for Ru(NH;3)g3* at the MPPA-SAMs modified elec-
trode compared with the bare gold electrode due to electrostatic
attraction. It is clear that the DA molecule is protonated and posi-
tively charged under physiological pH conditions, whereas -PO3H,
in MPPA-SAMs are negatively charged under this pH value [2,14].
Thus, as the case of Ru(NH3)g3*, positively charged DA is expected
to accumulate on the MPPA-SAMs modified electrode surface
with negative charges through the electrostatic and/or hydrogen-
bonding interactions [2,29]. Fig. 2 shows the cyclic voltammograms
of DA at the bare gold and MPPA-SAMs modified gold electrodes in
0.1M PBS (pH 7.4). It is clearly observed that peak to peak sep-
aration (AEp) of DA at MPPA-H/Au, MPPA-M/Au, MPPA-L/Au and
bare gold electrode is 300+20, 1714+10, 524+ 8 and 75+12mV,
respectively. As can be seen, AE, of DA at MPPA-SAMs modified
gold electrodes decreases with decreasing the surface coverage of
MPPA-SAMs, accompanying with the increase of oxidation peak
currents (ip,a) and the improvement of reversibility. Since smaller
AE, corresponds to larger electron transfer rate [30], the AE, anal-
ysis indicates that both MPPA-H/Au and MPPA-M/Au electrode
suppress the kinetics of electron transfer of DA whereas MPPA-L/Au
electrode facilities the kinetics of electron transfer of DA compared
with the bare gold electrode.

For DA oxidation at SAMs modified electrodes, Mandler [11]
suggested that two factors including the charge of the SAMs and
the length of the carbon chain were likely to govern the elec-
tron transfer kinetics of DA. Thus, the electrostatic interactions
between DA and -PO5H; in the MPPA-SAMs will facilitate electron
transfer of DA due to the accumulation of DA at electrode surface,
whereas the presence of carbon chain of MPPA-SAMs will inhibit
electron transfer of DA due to the increase in the electron trans-
fer distance between DA and electrode [11]. Compared with the
high-density MPPA-SAMs (Insert A), the low-density MPPA-SAMs
can decrease the electron transfer distance between DA and elec-
trode due to the collapse of carbon chain (Insert B). Obviously, this
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Fig. 2. Cyclic voltammograms of 1mM DA at (a) the MPPA-H/Au, (b) the MPPA-
M/Au, (c) the MPPA-L/Au and (d) the bare gold electrodes in 0.1 M PBS (pH 7.4) at
scanrate of 100 mVs~'. Insert: Schematic representation of the interaction between
DA and MPPA-SAMs: (A) the high-density MPPA-SAMs, (B) the low-density MPPA-
SAMs.
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should decrease significantly the blocking effect of carbon chain
length of MPPA-SAMs for DA. As a result, the positive effect of
the electrostatic attraction may exceed the adverse blocking effect
of MPPA-SAMs for electron transfer of DA, which results in a sig-
nificant enhancement of the kinetics of electron transfer of DA at
MPPA-L/Au electrode.

3.3. Antifouling capability of modified electrodes

The general mechanisms of the electrochemical behavior of DA
in aqueous solution can be represented as an ECE process [31]. Dur-
ing the electrochemical oxidation of DA, o-dopaminoquinone, an
oxidation product of DA, undergoes easily a ring closure reaction to
form dopaminochrome. This intermediate species can polymerize
to melanin-like compounds to poison electrode [7], which results
in rather poor selectivity and sensitivity for determination of DA in
real sample analysis. For practical electrochemical measurement of
DA, the working electrode must possess a good antifouling capa-
bility. Fig. 3 shows the first and 15th voltammetric curves of DA
oxidation on a bare gold and MPPA-SAMs modified gold electrodes
with repeated potential scans. After 15th potential scans, ipa of
DA at bare Au, MPPA-H/Au, MPPA-M/Au and MPPA-L/Au electrode
decrease to 65%, 85%, 96% and 96% of their initial maximum values
(i.e. first scan), respectively. This result demonstrates that the foul-
ing of the electrode surface is suppressed by the MPPA-SAMs, and
the low-density MPPA-SAMs modified electrodes provide a better
antifouling capability for DA oxidation.

It is clear that the surface negative charge density of MPPA-
SAMs modified electrodes is higher than that of bare Au electrode,
whereas the antifouling capability of MPPA-SAMs modified elec-
trodes is much better than that of bare gold electrode. The result
clearly indicates the amount of electrogenerated melanin-like com-
pounds at the surface of MPPA-SAMs modified electrodes is lower
than that of bare gold electrode after repeated potential scans. Since
the formation of dopaminochrome requires the direction of the
protonated side chain of o-dopaminoquinone towards the quinone
ring [32], the electrostatic and/or hydrogen-bonding interaction
between DA and -POsH; in the MPPA-SAMs is likely to stabilize
the chain of DA, or at least to suppress its mobility, which certainly
prevents the ring closure reaction of o-dopaminoquinone and its
following reactions [32].
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Fig. 3. Linear sweep voltammograms of 1mM DA at (a) the MPPA-H/Au, (b) the
MPPA-M/Au, (c) the MPPA-L/Au and (d) the bare gold electrodes with repeated scans
in 0.1 M PBS (pH 7.4), respectively. Red line: the first scan; green line: the 15th scan.
Scan rate: 100mVs~!. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of the article.)

The previous reports have indicated that the measured pK, of
surface-confined acidic molecule is significantly higher than the
bulk pK; of the same molecule in solution owing to the hydrogen-
bonding stabilization and the steric effect, etc. [33,34]. A recent
investigation has found that the surface pK, of mercaptopropi-
onic acid (MPA) SAMs decreases with decrease in the surface
coverage of MPA-SAMs due to a decrease of inplane interaction
between —COOH groups [19]. Since both mercaptopropionic acid
and MPPA are w-substituted linear alkanethiol molecules, the pK;
of MPPA-SAMs will decrease with decreasing the surface cov-
erage of MPPA-SAMs due to the decrease of probability of the
hydrogen-bonding interaction between -PO3H, groups, as in the
case of COOH-terminated MPA-SAMs [19]. Thus, every -PO3sH; in
low-density MPPA-SAMs should possess higher negatively charge
unit than that in high-density MPPA-SAMs in same pH value,
which in turn enhances the electrostatic and/or hydrogen-bonding
interaction between DA and -PO3H>, and consequently, more effec-
tively prevents the ring closure reaction of o-dopaminoquinone.
Moreover, in the case of low-density MPPA-SAMs, the mobility of
the protonated side chain of o-dopaminoquinone can been sup-
pressed by carbon chain of MPPA thiolates due to the penetration
of DA in SAMs (Insert B in Fig. 2), which facilitates also sup-
pression of the ring closure reaction of o-dopaminoquinone. The
above-mentioned assumptions are completely supported by cyclic
voltammetry experiments (Fig. 2). Voltammetric studies involving
DA oxidation usually present ip ¢/ip,. ratio smaller than 1, because
DA oxidation involves an ECE mechanism and the chemical step
consumes the electrooxidized DA species. However, it is interest-
ing to find that i, /ipa ratio of DA at the MPPA-L/Au electrode is
closer to 1 than that observed for bare gold electrode (Fig. 2), which
strongly indicates that the chemical step is restrained at MPPA-L/Au
electrode. Therefore, the MPPA-L/Au electrodes with low-density
MPPA-SAMs provide a better antifouling capability for DA oxidation
than that of MPPA-H/Au electrode.

4. Conclusions

For the different aims, researchers look to fabricate the SAMs
with different quality. We report herein that the adsorption behav-
ior of MPPA molecules on gold surface is actually sensitive to
bulk solution pH. Consequently, the MPPA-SAMs with the different
surface coverage can be prepared simply by controlling the disso-
ciation degree of -PO3H, in the bulk solution as well as adsorption
time of MPPA molecules under the basic condition. This simple
combined preparation method may afford a versatile approach to
deliberately control the order of other acidic-group terminated
thiolates-SAMs. Compared with its dense-density counterparts,
the low-density MPPA-SAMs modified electrode enhances signif-
icantly the kinetics of electron transfer of DA oxidation, which
may be attributed to the decrease of the electron transfer dis-
tance between DA and electrode due to the collapse of MPPA-SAMs.
Meanwhile, low-density MPPA-SAMs modified electrodes improve
also antifouling capability of modified electrode towards DA oxida-
tion because enhanced electrostatic interaction and the penetration
of DA in SAMs can more effectively prevent the ring closure reaction
of o-dopaminoquinone by suppressing mobility of carbon chain in
DA molecules. The present results provide the fundamental under-
standing of the SAMs-DA relationship at the molecular level and
offer crucial information for design and optimization of the elec-
trochemical sensors about DA determination.
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