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Abstract. The eclectrochemistry of self-assembled monolayers (SAMs) prepared from 2-mercapto-
pyridine (2 Mpy) and 4-mercaptopyridine (4 Mpy) dissolved in either water or an aqueous solution of
0-1 M H,SO, on a polycrystalline gold electrode has been investigated in an aqueous electrolyte solution
(0-5M H,SO,) using cyclic voltammetry. Results suggest that 2 Mpy is adsorbed more strongly than
4 Mpy due to the formation of a S—Au-N chelate. The under- and over-potential deposition of copper
from an aqueous solution of 0-1 M sulphuric acid is inhibited in the presence of these SAMs suggesting
strong interactions between these adsorbates and the gold surface. A copper adlayer was partially dis-
placed by adsorbing 2 Mpy and 4 Mpy. The inhibition effect of these SAMs on the corrosion of C60 steel
has been investigated using electrochemical impedance measurements (EIM) in an aqueous 3-5 wt%
NaCl solution. The polarization resistance and the inhibition efficiency were calculated. 2 Mpy has

higher inhibition efficiency than 4 Mpy.
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1. Introduction

The phenomenon of self-assembly at interfaces has
been recognized nearly 60 years ago.' Self-assembled
monolayers of organic compounds can be obtained
simply by adsorption of the respective molecules
from their aqueous or non-aqueous solutions. In
general, self-assembled monolayers (SAMs) can be
defined as well-ordered and oriented molecular
films, which are formed spontancously on immer-
sion of a substrate (solid surface) into a solution
containing the respective surfactant molecule. These
molecules organize themselves in a two-dimensional
arrangement on the surface of the substrate.

Sulphur compounds have a strong affinity to tran-
sition metal surfaces;*® thus organosulphur com-
pounds may coordinate very strongly to the surface
of the metal. The number of reported surface-active
organosulphur compounds that form monolayers on
metal surfaces has increased in recent years.” '
Thiols are organic compounds in which a S-atom is
bonded to a carbon atom in the molecule. One of the
important properties of such systems is that they
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give the possibility of controlling the molecular con-
struction at the electrode-solution interface. Thiols
are appropriate for such studies because of the sim-
plicity of preparation and the relatively large poten-
tial window within which such electrodes can
operate.'' Mercaptopyridines are thiol compounds
that contain both N- and S-atoms in the molecule.
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Mercaptopyridines can be easily adsorbed on the
surface of a metal. Up-to-date, results of most inves-
tigations suggest that mercaptopyridines bond to the
surface through S-atom after cleavage of the S-H
bond and formation of a metal-S bond.'** How-
ever, it has been suggested also that mercaptopyri-
dines might bind to the gold surface through its
N-atom.”’

Corrosion of pipes, pumps, turbine blades, cool-
ers, superheaters, reheaters, fuel cells, and exhaust
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systems cause enormous industrial losses due to
production downtime, accidental injuries, and
replacement costs. One of the most important meth-
ods in corrosion protection of metals is the use of
organic inhibitor molecules. These molecules inhibit
on adsorption on the surface to be protected the an-
odic metal dissolution and/or the cathodic dioxygen
reduction. Recently, SAMs have been considered as
inhibiting systems. The inhibition efficiency of the
organic compounds is apparently closely related to
the structure and the properties of the film formed
on the metal surface.”>”

The present work aims to form SAMs of 2-
mercaptopyridine and 4-mercaptopyridine on the
surface of a polycrystalline gold electrode. The
effect of the electrode potential, the electrolyte solu-
tion and the solvent on the adsorption process will
be investigated. The influence of SAMs of 2- and 4-
mercaptopyridines on electrodeposited layer of cop-
per on the surface of the gold electrode will be elec-
trochemically studied in order to elucidate structural
integrity of the monolayer. Finally, 2- and 4-
mercaptopyridine were tested as corrosion inhibitors
on a steel surface in sodium chloride solution.

2. Experimental
2.1 Cyclic voltammetry

Cyclic voltammograms (CVs) were recorded with a
polycrystalline gold disk (surface area approx. 0-1 cm®
(Schiefer, Hamburg, polycrystalline 99-99%, pol-
ished down to 0-3 um and 0-05 gm a-Al,O;, embed-
ded in epoxy ARALDIT D/HY 956 (Ciba special
chemicals)) as a working electrode in aqueous solu-
tions of 0-5 M H,SO, as a supporting electrolyte or
0-1 M aqueous H,SO, containing 1-0 mM CuSO,
(source?) using a custom-built potentiostat inter-
faced with a standard PC via an ADDA-converter
card operating with custom-developed software. A
gold sheet electrode was used as a counter electrode.
A mercurous sulfate electrode (Hg/Hg,SO4 in 0-1 M
K,SO4 (MSE) with Esyp = 641 mV) was used as a
reference electrode in all cyclic voltammetry
experiments. The CVs were recorded in a H-cell
with glass frits separating cell compartments. De-
tails of cyclic voltammetry in the presence of copper
ions are given below.

Before each experiment the working electrode
was polished and subsequently ultrasonicated for a
few minutes in ultrapure water. Before adsorption,
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the surface state of the electrode was ascertained by
potential scanning in aqueous 0-5 M H,SO, between
—0-4 > Fysg >+ 1-3 V until a stable CV was obtained.
The electrode was rinsed with deionized water and
immediately immersed into the solution of the mer-
captopyridine for 3 min and then rinsed carefully
with ultrapure water to remove non-chemisorbed spe-
cies.

2.2 Corrosion studies

A C60-steel disk electrode manufactured as a cylin-
der of 12 mm height and 15 mm diameter (0-61% C,
max. 0-40% Si, 0-75% Mn, max. 0-40% Cr, max.
0-10% Mo, max. 0-40% Ni and max. 0-63% others)
was used as a working electrode. The peripheral sur-
face was coated with PTFE (Teflon®) tape leaving
1.77 em® surface area exposed to the electrolyte so-
lution. It was polished on abrasive paper 1000 grade
and with a slurry of a-ALL,O; (13 xm). A gold sheet
electrode and a saturated calomel clectrode (SCE)
were used as counter and reference electrodes,
respectively. An aqueous supporting electrolyte
solution 3-5 wt% NaCl was used. For electrochemi-
cal impedance measurements (EIM) a potentiostat
Solartron SI 1287 connected to a frequency response
analyzer SI 1255 interfaced to a PC with EIM soft-
ware was used. The measurements were carried out
at the spontaneously established open circuit poten-
tial (OCP) with modulation amplitude of 5 mV in a
frequency range from 0-1 Hz to 100 kHz. Evaluation
of the impedance data was performed with Boukamp
software version 2.4,

2.3  Materials

Electrolyte solutions were prepared from 18 MQ
(Seralpur Pro 90c); 2-mercaptopyridine
(Aldrich), 4-mercaptopyridine (Aldrich), sulphuric
acid (Merck, G.R.), copper sulfate (p.A., VEB La-
borchemie Apolda) and sodium chloride (p.A., VEB
Laborchemie Apolda) were used as received. 1 mM
solutions of 2- and 4-mercaptopyridine in either wa-
ter or 0-1 M H,SO, were used for SAM formation.
For the corrosion studies only aqueous solutions of
mercaptopyridines were used in order to avoid acid
corrosion of the sample electrode. All solutions were
freshly prepared, purged with nitrogen (99-999%)
except for corrosion studies. All measurements were
performed at room temperature.
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3. Results and discussion
3.1 Electrochemical behaviour in 0-5 M H>SO,

Figure 1 shows the cyclic voltammogram (CV) of a
bare polycrystalline gold electrode in 0-5 M H,SO,
in the potential range of 0-0 > Eysg >+ 1-3 V. In the
anodic scan there is a peak at Eyisg = 0-76 V indicat-
ing gold hydroxide and oxide formation, which
undergo reduction at Eysg = 0-43 V in the cathodic
scan.”

CVs of a polycrystalline gold electrode pre-
treated with a 1 mM solution of 2 Mpy (dissolved in
water) in 0-5 M H,SO, are shown in figure 2. During
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Figure 1. CV of a bare polycrystalline Au electrode in
0-5 M H»S0,, dE/df 100 mVs .
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Figure 2. CVs of a polycrystalline gold electrode with

adsorbed 2 Mpy (dissolved in water) in 0-5M H,SO,,
dE/df =100 mV s~
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the anodic scan in the first cycle a broad peak at
Eysg =116 V is formed. Two processes may cause
this current: oxidation of the gold surface and oxida-
tion of adsorbed 2 Mpy. During the cathodic scan of
the first cycle the gold oxide reduction peak at
Eyvsg =040V shows a considerably diminished
peak height smaller than observed with a bare Au
electrode under identical conditions (table 1).

In the presence of adsorbed 2 Mpy the main pro-
cess besides decreased gold oxide formation indeed
adsorbate oxidation was noticed.'”***,

During the second cycle, the current at Eysp =
1-16 V is decreased and a separate peak that dis-
tinctly splits with increasing number of cycles, cor-
responding to gold oxidation, could be noticed
around Fysg = 0-84 V. This peak is shifted to more
negative potentials with subsequent cycling. In addi-
tion, with increasing number of cycles, the peak cur-
rent due to the gold oxide reduction grows (table 1).
This suggests that during the first scan the surface
oxidation of gold is decreased owing to the presence

Au

Suggested chelate structure of 2 Mpy on a gold

Figure 3.
Au surface.
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Figure 4. CVs of a polycrystalline gold electrode with

adsorbed 2 Mpy (dissolved in 0-1 M H,SO,) in 0-5M
H,S0,, dE/df = 100 mVs ',
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Table 1. Oxidation and reduction potentials and peak currents for a gold electrode
in 0-5 M H,SO, with 2 Mpy adsorbed from an aqueous solution.
Ex/V EredV Iox/mA Ies/mA

Bare Au 0-76 0-43 0-10 -0-65

2 Mpy/1st cycle 1-16 0-40 0-20 -0-33

2 Mpy/2nd cycle 0-84 0-39 0-12 —-0-48

2 Mpy/20th cycle 0-73 0-39 0-10 —-0-52

Table 2. Oxidation and reduction potentials and peak currents for a gold electrode
in 0-5 M H,SO, with 2 Mpy adsorbed from 0-1 M H,SO, solution.

Ex/V E.d/V I,/mA Led/mA
Bare Au 0-76 0-43 0-10 —-0-65
2 Mpy/1st cycle 1-10 0-44 0-16 -0-37
2 Mpy/2nd cycle 0-85 0-43 0-12 —-0-58
2 Mpy/20th cycle 0-77 0-43 0-10 —-0-65

of adsorbed 2 Mpy. In subsequent cycles more gold
surface is exposed to the solution due to the removal
of the 2 Mpy layer facilitating the formation of gold
oxide and its reduction.”* The fraction of charge
associated with gold oxide formation followed by its
reduction increases gradually with increasing num-
ber of cycles. This supports the suggestion that
2 Mpy can be oxidised in an acidic medium on a
gold electrode.

The adsorption process for mercaptopyridines
suggests a net electron transfer from the sulphur
atom to the metal as a part of the monolayer forma-
tion process. However, the sulphur atom behaves as
an electron acceptor when it is bonded to gold due to
the large difference between the electronegativities
of sulphur and gold.***” The overall reaction is fre-
quently expressed as.****

Au + RSH —> Au-SR + 1/2H,. (1)

Although 2 Mpy probably adsorbs primarily through
the sulphur atom, the presence of the pyridine ring,
with the nitrogen atom in the ‘ortho’ position, could
give rise to the formation of a chelate with the gold
surface, thus giving rise to more strongly adsorbed
layer.'”*° The formed surface chelate of type S—Au—
N is shown in figure 3.%°

When 2 Mpy is adsorbed from a 1 mM solution in
0-1 M H,SO,4 on the polycrystalline gold electrode
the CVs in 0-5 M H,SO, (figure 4) show similar fea-
tures, but with a slightly to negative shift in the oxi-
dation peak as compared to 2 Mpy in water due to
weak adsorption of 2 Mpy (table 2). Since in the

acidic adsorption solution the nitrogen atom of pyri-
dine ring is protonated the chelate structure cannot
be formed; as a result the interaction is dominated
by the sulphur atom.'”"

The behaviour is similar in the presence of
adsorbed 4 Mpy on the surface of the gold electrode.
figure 5 shows CVs of a polycrystalline gold elec-
trode in 0-5 M H,SO, with 4 Mpy adsorbed from an
aqueous 1 mM solution. During the first anodic scan
a current plateau at Eyisg = 0-93 V is formed. This
might be due to the oxidation of both adsorbed
4 Mpy and the Au surface. This plateau is shifted to
a more negative potential compared with 2 Mpy
(table 3). It means less inhibition of gold oxide
formation in case of 4 Mpy.'>'"%

As mentioned before for 2 Mpy, during the
cathodic scan of the first cycle, a gold oxide reduc-
tion peak occurs at Eysg = 0-42 V whose peak height
is considerably less than that observed with a bare
gold electrode under identical conditions suggesting
that 4 Mpy monolayer decreases the gold oxide for-
mation and that the main process is the adsorbate
oxidation.'

In the second and subsequent cycles, the current
at Eysg =0-93 V decreases and a broad peak ap-
pears, which is shifted to more negative potentials
with increasing number of cycles. In addition, the
peak height of the gold oxide reduction increases.
With subsequent cycles, due to the removal of the
4 Mpy layer, the formation of gold oxide and its re-
duction are facilitated. The tendency of gold oxide
formation increases with increasing number of
cycles indicating that also 4 Mpy can be oxidized in
an acidic medium on the gold electrode.'**
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With the nitrogen atom in the ‘para’ position
4 Mpy cannot form the chelate structure. Thus, the
bonding to the surface is solely through the sulphur
atom. This may result in a diminished interaction
with the electrode.'”'"* However, Alonso®’ sug-
gested that the S-metal bond is stronger in case of
4 Mpy than in 2 Mpy.

Presumably 4 Mpy binds to the electrode surface
through the sulphur atom (normal geometry) in
almost vertical orientation. In this case the packing
density is larger than that for 2 Mpy. There is also a
small probability that 4 Mpy binds to the surface
through a nitrogen atom (out of normal geo-
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Figure 5. CVs of a polycrystalline gold electrode with

adsorbed 4 Mpy (dissolved in water) in 0-5M H,SO,,
dE/df =100 mV s~
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Figure 6. CVs of a polycrystalline gold electrode with

adsorbed 4 Mpy (dissolved in 0-1 M H,SO,) in 0-5M
H,S0,, dE/df = 100 mV s~
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When 4 Mpy is adsorbed from its solution in
0-1 M H,SO, on the gold electrode, the CVs (figure
6) show analogous behaviour to that found with
4 Mpy adsorbed from water, with the exception that
the oxidation peak is slightly shifted to negative
potentials (table 4). In addition, the height of the
reduction peak is slightly lower than that obtained in
the case of 4 Mpy dissolved in water. It is also lower
than that for 2 Mpy either in water or in 0-1 M
H,SO,. This indicates a smaller inhibition of Au
oxidation and a smaller overpotential for adsorbate
oxidation. This behaviour might be due to weaker
interaction between gold surface and the bonded
4 Mpy adsorbed from its solution in 0-1 M H,SO,
since in this solution the N-atom is protonated. Such
protonation would cause (by inductive effect) a
weakening of the sulphur-gold bond, besides dimin-
ishing the possibility of adsorption of the molecule
onto the electrode surface.'”'"*’

In summary, when 2 Mpy is deposited on the Au
electrode surface from both media the formation of
gold oxide is more inhibited than in the case of
4 Mpy and the inhibition in case of adsorption from
neutral solvent than from acidic solution. This
behaviour is similar to that described by Alonso ef
al® for polycrystalline platinum electrode.

3.2 Electrodeposition of copper on a gold
electrode

Electrochemical techniques such as cyclic voltam-
metry allow the characterization of the processes
taking place during the electrodeposition of metals
in absence and presence of co-adsorbed species,
reflecting the interaction between co-adsorbates, the
electrode surface and the metal overlayer.” *” The
effect of the adsorption of numerous organic species
on the electrodeposition of the metals has been pre-
viously studied.'>'®* These studies show that they
are able to hinder or even completely inhibit the
clectrodeposition process onto metal substrates de-
pending on their strength of adsorption.

The copper deposition on a polycrystalline gold
electrode from 1 mM aqueous CuSO, solution in
absence of an adsorbate (solid line) is displayed in
figure 7. The potential was scanned in the negative
direction at 50 mV s from Eygsg =+ 0-5 V. The CV
shows both underpotential (UPD) at Eysg =—-0-20 V
and overpotential deposition (OPD) at Fysg =
—0-54 V. In the subsequent positive going scan, two
features are observed due the stripping of the electro-
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Table 3. Oxidation and reduction potentials and peak currents for a gold electrode

in 0-5 M H,SO, with 4 Mpy adsorbed from an aqueous solution.

Ex/V E.d/V I,/mA Led/mA
Bare Au 0-76 0-43 0-10 -0-65
4 Mpy/1st cycle 0-93 0-42 0-15 —0-32
4 Mpy/2nd cycle 0-83 0-41 0-10 -0-36
4 Mpy/20th cycle 0-74 0-42 0-07 —-0-34

Table 4. Oxidation and reduction potentials and peak currents for a gold electrode

in 0-5 M H,SO, with 4 Mpy adsorbed from 0-1 M H,SO, solution.

Ex/V E.d/V I,/mA Led/mA
Bare Au 0-76 0-43 0-10 —0-65
4 Mpy/1st cycle 0-93 0-41 0-14 -0-31
4 Mpy/2nd cycle 0-84 0-40 0-10 —0-35
4 Mpy/20th cycle 0-73 0-40 0-08 —0-35
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Figure 7. Deposition of copper from 1 mM copper
solution in 0-1 M aqueous H,SO, solution onto a bare
polycrystalline Au electrode (solid line) and a Au elec-
trode pretreated with a 1 mM solution of 2 Mpy in water
(dashed line) and in 0-1 M aqueous H>SO, (dotted line),
dE/dr = 50 mVs .

deposited copper: a sharp peak at Fysg =-0-37V
corresponding to the removal of bulk copper (OPD)
and a peak at Eysg =— 0-17 V corresponding to the
stripping of UPD copper.”” The CVs for copper
deposition on a gold electrode with 2 Mpy adsorbed
from its aqueous solution (dashed line) and from
0-1 M aqueous H,SO, (dotted line) are shown in fig-
ure 7. Copper deposition is inhibited on the gold sur-
face due to the presence of adsorbed 2 Mpy. It has
been suggested in a pervious study'’ that the
strength of interaction between the sulphur atom of
the adsorbate and the Au surface is greater than that
between the deposited copper and the surface.

-0.10 L[ I R B B R R A RN R |
-1.0 -08 -06 -04 -02 00 02 04 06
B

Figure 8. Deposition of copper from 1 mM copper
solution in 0-1 M aqueous H,SO, solution onto a bare
polycrystalline Au electrode (solid line) and a Au elec-
trode pretreated with a 1 mM solution of 4 Mpy in water
(dashed line) and in 0-1 M aqueous H>SO, (dotted line),
dE/dr = 50 mVs .

Figure 8 shows the CVs of 4 Mpy when adsorbed
from its aqueous (dashed line) or its acidic (dotted
line) solution on gold electrode. It can be noticed
that the electrodeposition of Cu is diminished which
indicates that the presence of 4 Mpy monolayer de-
posited from both media inhibits the Cu deposition.
The charge consumed during copper deposition in
the presence of 4 Mpy is larger than in the presence
of 2 Mpy indicating a smaller degree of coverage
with 4 Mpy and/or a weaker interactions, both as-
pects are closely related. This closely corresponds to
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conculsion described above as derived from cyclic
voltmmograms.

When an electrodeposited upd-copper monolayer
on a polycrystalline gold electrode is exposed to a
1 mM solution of 2 Mpy (figure 9) or 4 Mpy (figure
10) in either water or 0-1 M aqueous H,SO,, the
copper monolayer is partially stripped as can be
observed in a positive going potential scan. This im-
plies the same conclusion that the strength of inter-
action between the S atom and the Au surface is
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—— 2MPy in water
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Figure 9. CVs of a polycrystalline gold electrode with

an initially deposited Cu adlayer in 0-1 M aqueous H>SO,
after immersion in 2 Mpy solutions, dE/df = 50 mV s ™.
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Figure 10. CVs of a polycrystalline gold electrode with

an initially deposited Cu adlayer in 0-1 M aqueous H>SO,
solution after immersion in 4 Mpy solutions, df/dt=
50mVs
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greater than that between the copper adlayer and the
surface.

3.3 Study of the corrosion of C60 steel

In order to study the efficiency of corrosion inhibi-
tion of the SAMs in the selected medium, a number
of methods can be used. Electrochemical impedance
measurement (EIM) is a particularly valuable and
convenient method yielding information on changes
of rate and mechanism of corrosion.**!

The Nyquist plot of a C60 steel electrode in 3-5%
aqueous NaCl solution at OCP shows a semicircle in
figure 11. The equivalent circuit used in this study is
a modified Randles circuit as shown in figure 12
where R; is the solution resistance; R, is the charge
transfer resistance, W is the Warburg impedance and
Cq is the double layer capacitance.**

The polarization resistance R, value of the bare
steel electrode as obtained by the numerical simula-
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Figure 11. Nyquist plot of measured and simulated im-

pedance of a C60 steel electrode in absence and presence
of 2 Mpy monolayer in aqueous solution of 3-5 wt%
NaCl
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Figure 12. Proposed equivalent circuit for the imped-
ance of a bare steel electrode.
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tion and also available by extrapolation of the semi-
circle to the impedance real axis was found to be
equal to 459 Q.

3.4 Influence of 2-mercaptopyridine on the
corrosion of C60 steel electrode

Figure 11 shows the complex plane plot of a C60
steel electrode in the absence and presence of
adsorbed 2 Mpy. The polarization resistance of the
modified electrode obtained with the same Randles
equivalent circuit as above is significantly increased
indicating effective corrosion inhibition.

The electrode coverage € with adsorbed mole-
cules is related to the polarization resistance.
Assuming that the corrosion reaction occurs only at
bare arcas on the electrode surface the following
equation for the apparent fractional coverage of the
electrode can be used:*****°

6=1-(Ry/Ry). 2)
where R and R, are the electrode polarization resis-

tance in the absence and presence of the inhibitor,
respectively.

Table 5. EIS (R,, 7 and 0) results for steel electrode in
the absence and presence of the monolayer.
R/Q 17 (%) 0

Bare Fe 459 - -
2 Mpy 1-25 x 10° 63 0-633 Figure 11
4 Mpy 1-08 x 10° 58 0-575 Figure 13
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Figure 13. Nyquist plot of measured and simulated im-
pedance of a C60 steel electrode in absence and presence
of 4 Mpy monolayer in aqueous solution of 3-5 wt%
NaClL
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The inhibition efficiency (7/%) was determined
using the following formula:*’

(%) = [1 - (RYR)] x 100. (3)

The polarization resistances, the calculated surface
coverage and the inhibition efficiencies are collected
in table 5.

3.5 Influence of 4-mercaptopyridine on the
corrosion of C60 electrode

Figure 13 shows the complex plane plot of the
impedance data of a C60 steel electrode in the ab-
sence and presence of 4 Mpy monolayer. The
Randles equivalent circuit for the modified electrode
is the same as that of the bare steel electrode. The
presence of adsorbed 4 Mpy yields a higher polari-
zation resistance value than a bare electrode indicat-
ing that also 4 Mpy can serve as corrosion inhibitor
for steel in NaCl solution. However, 4 Mpy shows a
smaller inhibition efficiency than 2 Mpy (see table
5), which might be due to the presence of a chelate
structure in case of 2 Mpy.

These results encourage further studies of the
mercaptopyridines under different conditions to
select the best corrosion inhibition efficiency for
steel and metals in different electrolyte solutions.

4. Conclusion

Both 2- and 4-mercaptopyridines can be oxidized in
acidic medium on the surface of polycrystalline gold
electrode. 2 Mpy can form a S—Au-N chelate with
the Au surface while 4 Mpy is bonded only through
the S-atom. The presence of the SAMs of 2 Mpy and
4 Mpy inhibits the electrodeposition of copper to a
great extent. 2 Mpy has higher inhibition efficiency
for corrosion of C60 steel than 4 Mpy.

Acknowledgements

Financial support by the Deutsche Forschungsge-
meinschaft (GRK 829/1) and the Fonds der
Chemischen Industrie is gratefully acknowledged.
Help and advice by S Vogel, HV Hoang and F
Alakhras is appreciated by one of us (N H).

References

1. Bigelow W C, Pickett D L and Zisman W A 1946 J.
Colloid Interface Sci. 1 513



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

A comparative electrochemical study of electrosorbed 2- and 4-mercaptopyridines

. Sun L, Crooks R M, Ricoo A J, Sun and Crooks L L

1993 Langmuir 9 1775

. Bain C D and Whitesides GM 1989 Adv. Mater. 1

506

. Folkers J P, Zerkowski J A, Laibinis PE, Seto CT

and Whitesides G M 1992 Supramolecular architec-
ture (ed.) T Bein (Washington, DC: ACS Symposium
Series 499) American Chemical Society pp. 10-23

. Lee TR, Laibinis P E, Folkers J P and Whitesides

G M 1991 Pure Appl. Chem. 63 821

. Whitesides G M and Ferguson G S 1988 Chemtracts-

Org. Chem. 1171

. Ulman A 1991 An introduction to ultrathin organic

films: From Langmuir—Blodgett fto self-assembly
(Boston: Academic Press)

. Ulman A 1996 Chem. Rev. 96 1533
. Schreiber F 2000 Prog. Surf. Sci. 65 151
. Finklea HO 2001 In Encyclopedia of analytical

chemistry (ed.) R A Meyers (Chichester: John Wiley
& Sons), vol. 11, p. 10090

Beulen M W J, Kastenberg M I, van Veggel FCJM
and Reinhoudt D N 1998 Langmuir 14 7463

Gui JY, Lu F, Stern D A and Hubbard A T 1990 J.
Electroanal. Chem. 292 245

Alonso C, Pascual M J, Salomén A B, Abruiia H D,
Gutierrez A, Lope M F, Garcia-Alonso M C and Es-
cudero M L 1997 J. Electroanal. Chem. 435 241
Bron M and Holze R Electrochem. Soc. 205th Meet-
ing, Abst. 867

Sawaguchi T, Mitzutani F, Yoshimoto S and Tanigu-
chi I 2000 Electrochim. Acta 45 2861

Harford ST, Taylor DL and Abrufia HD 1994 J.
Electrochem. Soc. 141 3394

Alonso C, Salomén A B, Gutierrez A, Lépez M F and
Escudero M L 1999 Langmuir 15 7014

Taylor DL and Abrufia HD 1993 J. Electrochem.
Soc. 140 3402

Alonso C, Pascual M J and Abruiia HD 1997 Elec-
trochim. Acta 42 1739

Alonso C, Lépez M F, Gutiérrez A and Escudero M L
2000 Surf. Interf. Anal. 30 359

Zhang H, He H X, Wang J and Liu Z F 2000 Lang-
muir 16 4554

Trabanelli G 1991 Corrosion 47

Samide A, Bibicu I, Rogalski M and Preda M 2004
Acta Chim. Slov. 51 127

Bharathi S, Yegnaraman V and Prabhakara R G 1993
Langmuir 9 1614

25

26.

27.

28.

29.
30.
31.
32.
34.
35.
36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

701

. Baunach T, Ivanova V, Scherson D A and Kolb D M
2004 Langmuir 20 2797

Zhong CJ, Woods N T, Dawson G B and Porter M
1999 Electrochem. Commun. 1 17

Lide DR 1993 CRC handbook of chemistry and
physics (Boca Raton, FL: CRC Press)

Laibinis P E, Whitesides G M, Allara D L, Tao Y-T,
Parikh A N and Nuzzo R G 1991 J. Am. Chem. Soc.
113 7152

Ulman A, Eilers J E and Tillman N 1989 Langmuir S
1147

Nuzzo R G, Dubois L H and Allara D L 1990 J. Am.
Chem. Soc. 112 558

Chailapakul O, Sun L, Xu C and Crooks R M 1993 J.
Am. Chem. Soc. 115 12459

Nuzzo R G, Fusco F A and Allara D L 1987 J. Am.
Chem. Soc. 109 2358

Breiter M W 1967 J. Electrochem. Soc. 114 1125
Kolb D M and Kotz R 1977 Surf. Sci. 64 698
Margheritis D, Salvarezza R C, Giordano M C and
Arvia A J 1987 J. Electroanal. Chem. 229 327

Varga K, Zelenay P and Wieckowski A 1992 J. Elec-
troanal. Chem. 330 453

McBreen J, O’Grady W E, Tourillon G, Dartyge E
and Fontaine A 1991 J. Electroanal. Chem. 307
229

White J H and Abrufia HD 1990 J. Phys. Chem. 94
894

Wiinsche M, Meyer H and Schumacher R 1995 Elec-
trochim. Acta 40 629

Janek R P, Fawcett W R and Ulman A 1998 Lang-
muir 14 3011

Kang J F, Zaccaro J, Ulman A and Myerson A 2000
Langmuir 16 3791

Sur UK and Lakshminarayanan V 2001 J. Electro-
anal. Chem. 516 31

Sluyters-Rehhach M and Sluyters J H 1970 Electro-
analytical chemistry (ed.) A J Bard (New York: Mar-
cel Dekker) vol. 4

Sabatani E and Rubinstein I 1987 J. Phys. Chem. 91
6663

Sabatani E and Rubinstein I 1987 J. Electroanal.
Chem. 219 365

Campuzano S, Pedrero M, Montemayor C, Fatas E
and Pingarron J M 2006 J. Electroanal. Chem. 586
112

Vastag Gy, Szocs E, Shaban A and Kdlman S 2001
Pure Appl. Chem. 73 1861




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


