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The characterization by cyclic voltammetry, impedance spectroscopy and SERS measurements of 2-mer-
captonicotinic acid (2-MNA) monolayers formed under different conditions on Au(111) surfaces, is
reported.

Self-assembled 2-MNA monolayers on Au(111) in alkaline solutions desorbs reductively from the gold
surface at �0.76 V (vs. ECS). From desorption experiments, the value of the surface concentration was
estimated, resulting similar to that reported for related aromatic molecules.

Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) show a rather imperfect
blocking behavior of the 2-MNA SAMS. This behavior corresponds to that obtained for microelectrode
arrays, which is attributed to the access of ions through pinholes, defects and/or pores present in the
SAM.

The characteristics of ionisable groups exposed to the solution in the 2-MNA monolayers prepared by
dipping in alkaline solutions were obtained by impedance measurements at different pH using the
[Fe(CN)6]3�/[Fe(CN)6]4� redox probe and the value of pKa(SAM) for the carboxylate group in the surface
2-MNA monolayer was estimated. For pH > pKa, the carboxylic acid group is deprotonated and the mono-
layer acquires a negative surface charge, meanwhile it remains neutral or positively charged at lower pH
values due to the beginning of pyridinic nitrogen protonation, which takes place overlapped with the pro-
tonation of the carboxylate group. The protonation of the pyridinic nitrogen is accompanied by desorp-
tion of this group from the surface. This leads to a change in the orientation of 2-MNA species allowing
the interaction between the carboxylate group and the gold surface, which was further corroborated from
SERS measurements.

In alkaline aqueous medium, 2-MNA adsorbs through a thiolate chemical bond on the gold surface and
an additional interaction of the pyridinic nitrogen stabilizes the monolayer. One cathodic peak is
obtained when reductive desorption is made in alkaline medium, while a splitting in two cathodic cur-
rent contributions for pH values lower than ca. 7 indicates that two different molecular structures coexist
on the gold surface in neutral or acidic media. This is assigned to the occurrence of an equilibrium
between the molecular structure bonded through sulfur and nitrogen and the surface-bonded zwitter-
ionic species by intramolecular proton transfer from the carboxylic acid group to the ring nitrogen, lead-
ing to the protonation of the pyridinic nitrogen and allowing the interaction of the carboxylate group
with the gold surface.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

The self-assembling of organothiols on gold surfaces is one of
the fascinating approaches for the development of chemically
modified electrodes. These highly-organized monolayers can, in
principle, provide the means to control the chemical and physical
properties of the interfaces for a diversity of applications. Self-
assembled monolayers (SAMs) of x-functionalized alkanethiols
have been widely used for the immobilization of proteins on
electrode surfaces and they serve as ideal platforms for the con-
struction of electrochemical biosensors.

Among the various studied SAMs, aromatic and heteroaromatic
thiols/disulfides were of much interest in recent years [1–3], as the
intermolecular interactions are expected to be different than those
between alkanethiols, which may lead to different molecular pack-
ing of the structures. Higher electrical conductance would be ex-
pected in aromatic thiols, as the electrons are delocalized in the
benzene ring [1]. The precise control of the surface properties (such
as coverage and defects) of these functionalized monolayers is
essential for the employment of SAM-modified surfaces for
applications.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jelechem.2013.11.013&domain=pdf
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The electron transfer blocking properties of alkanethiol/aro-
matic thiol monolayers are seldom perfect. In most cases, the
behavior exhibited by monolayer-coated electrodes resembles an
array of microelectrodes, where the active sites are identified as
pinholes in the monolayer [4–17]. Both, the electrolyte and redox
species in solution have access to the substrate at the pinholes. Pin-
holes are the result of imperfect adsorption of the alkanethiol to
the surface during the self-assembly step and/or subsequent loss
of the thiol during rinsing, storage, or use [18].

The acidity of surface-confined molecules is influenced by sur-
face polarity, interfacial electrostatic field and local structure of
the solvent [19]. It is generally observed that the measured pKa

of surface-confined molecules may differ significantly from the
corresponding value for the same molecule in solution, which is as-
cribed to the influence of the local environment [19,20]. Acid/base
ionization behavior of x-functionalized SAMs of alkanethiols as
well as of aromatic/heteroaromatic functionalized SAMs has been
studied [21–40]. Nevertheless, the behavior of the –COOH and
pyridinic groups as well as monolayer structure, orientation and
electrochemical characteristics of SAMs of 2-mercaptonicotinic
acid (2-MNA) on gold have not been reported.

Electrochemical techniques such as electrochemical impedance
spectroscopy (EIS) and cyclic voltammetry (CV) are suitable tech-
niques for monitoring the properties of self-assembled monolay-
ers. They provide valuable information on the distribution of
defects/holes, the properties of linked redox probes, the kinetics
of the monolayer formation process and the surface coverage,
among others [4–17,41]. Additionally, Surface-enhanced Raman
scattering (SERS) has become an often used technique for obtaining
information on the orientation of molecules adsorbed on metal
surfaces [42–47].

In this paper, we report the characterization by cyclic voltam-
metry, impedance spectroscopy and SERS measurements of 2-
MNA monolayers formed under different conditions on Au(111)
surfaces.z

2. Experimental

2.1. Apparatus and electrodes

A conventional three-electrode electrolysis cell with a reference
saturated calomel electrode (SCE) and a Pt auxiliary electrode was
employed. All potentials are referred to the SCE potential. Working
electrodes were deposits of Au on glass slides of 11 � 11 mm pur-
chased from Arrandee or polycrystalline gold rods embedded in
Teflon holders. The electrolyte was deaerated by bubbling with
nitrogen prior to each experiment.

Cyclic voltammetry and Electrochemical Impedance Spectros-
copy measurements were carried out with an Autolab PGSTAT100
electrochemical interface using the GPES (General Purpose Electro-
chemical System) and FRA (Frequency Response Analyzer) soft-
ware packages. EIS measurements were recorded in the
frequency range 0.01 Hz–100 kHz by applying a 10 mV-amplitude
signal.

SERS experiments were performed ex situ (in air) using a Horiba
LabRAM HR spectrometer, employing a He/Ne laser (632.8 nm
wavelength). For the analysis of the spectra, the vibration modes
are represented using the common nomenclature [42,48,49]: d:
bending; m: stretching; s: torsion; the subscript as indicates an
asymmetric mode. Also, the nomenclature proposed by Wilson
[48] and Lord [49] is indicated between parenthesis.

2.2. Preparation of the substrates

For the electrochemical measurements, the Au surface was elec-
trochemically cleaned by 1 min cycling at 1 V s�1 between �1.2 V
and 0.7 V in a 0.1 M NaOH solution. After that, the electrode was
immersed in ‘‘piranha’’ solution (3:1 mixture of concentrated sul-
furic acid and 30% hydrogen peroxide solution) during 1 min and
rinsed with deionised water. In order to promote the development
of the Au(111) surface, the electrode was annealed in a butane
flame during two minutes, cooled under constant N2 flux and
placed immediately in contact with the dipping solution. In order
to perform SERS measurements, a polycrystalline gold rod (Alfa Ae-
sar, 99.9985% purity) was electrochemically cleaned by applying a
potential step of +2.4 V during 10 min in a 0.5 M H2SO4 solution.
Then, a linear potential sweep at 0.02 V s�1 from +2.4 V to �0.6 V
was applied [44]. Finally, the highly roughened gold electrode gen-
erated after this procedure was rinsed with deionised water and
immersed in the dipping solution.

2.3. Preparation of SAMs

All chemicals, 2-mercaptonicotinic acid (Alfa Aesar, 98 + % pur-
ity) and sodium hydroxide (Baker) were used as received without
further purification. Self-assembled monolayers were prepared
by immersing the previously annealed gold substrates in 10 mM
2-MNA + 0.1 M NaOH solutions during different dipping times
(tdip). After the surface modification, the samples were removed
from the dipping solution, rinsed with deionised water and trans-
ferred to the electrolytic solution.

2.4. Reagents and solutions

In reductive desorption experiments, 0.1 M NaOH solutions
deaerated by nitrogen bubbling were employed as electrolyte.
Also, buffered 0.1 M NaH2PO4 (Baker) solutions (pH 2–13) were
employed when necessary. For the electrochemical characteriza-
tion using redox probes, 5 mM Fe+2/Fe+3 (Baker) + 0.1 M H2SO4

(Anedra) solutions were employed. The titration curve was per-
formed in a 5 mM K3Fe(CN)6 + 5 mM K4Fe(CN)6 (Baker) + 0.1 M
Na2SO4 (Baker) solution. pH values in the 2–9 range were adjusted
by adding H2SO4 or NaOH. For SERS measurements, the 2-MNA
SAMs prepared on the roughened gold substrates were immersed
during 15 min in 0.1 M NaOH or 0.1 M buffered phosphate (pH 4
or 7) solutions and rinsed with deionised water before the
experiments.
3. Results and discussion

3.1. Voltamperometric characterization of 2-MNA SAMs

Electrochemical desorption of self-assembled monolayers from
metal surfaces in aqueous alkaline solutions has been widely used
to obtain information about the properties and structural charac-
teristics of adlayers on metal substrates [50–54]. Fig. 1 shows the
potentiodynamic j/E response obtained at 0.1 V s�1 by applying a
triangular potential sweep in the �0.4 V to �1.3 V potential range
in a 0.1 M NaOH solution, for a Au(111) substrate modified after
1 h of immersion in a 10 mM 2-MNA (pH 13) aqueous solution.
Characteristic desorption/re-adsorption waves as well as the
beginning of the hydrogen evolution reaction at ca. �1.2 V are seen
(Fig. 1a). Negative scan shows a sharp main cathodic peak at
�0.76 V (zone I) and a wide wave with several contributions in
the�0.85 V to�1.2 V potential region (zone II). In the positive scan
a poorly defined anodic contribution overlapped with the hydro-
gen evolution current is observed in the �0.85 V to �1.2 V range
(zone III) while an anodic current peak at �0.6 V (zone IV) is also
noticed.

In order to analyze the desorption response, baseline subtrac-
tion (Fig. 1b) and subsequent non-linear fitting using a Lorentzian



Fig. 1. Reductive desorption at 0.1 V s�1 in 0.1 M NaOH solution for a Au(111)
electrode modified after 1 h of dipping in 10 mM 2-MNA (pH 13) solution. ‘‘As
measured’’ response (a); after baseline subtraction (b) and after final signals
deconvolution (c).
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function were performed to the ‘‘as measured’’ response in the
�0.7 V to �0.85 V potential range. Fig. 1c shows the final deconvo-
lution at an enlarged current scale of the signals in zones I and II as
well as the anodic contribution (zones III and IV) after applying this
procedure.

The cathodic peak in zone I (peak I) is associated with the
reductive desorption of the 2-MNA layer as thiolate species from
the Au(111) surface, which can be readsorbed partially in the po-
sitive scan (zone IV). Only a small amount of thiolates are
readsorbed, indicating that most of the species diffuse away from
the surface due to the solubility of 2-MNA in aqueous media. This
behavior is at variance with results for long-chain alkanethiols,
which are insoluble in aqueous electrolytes. For the desorption
peak I, peak potential (Ep), peak current (jp), half-width peak
(DE1/2) and desorption cathodic charge (Qc) at different experimen-
tal conditions can be obtained. The average value of Qc results
47.0 lC cm�2, which is similar to values reported for other aro-
matic thiols at maximum coverage [31,32,51–54]. Assuming that
one electron is involved in the desorption process for the Au-thio-
late bond in alkaline aqueous solution as is usually made, a value
for the surface concentration C = 4.87 � 10�10 mol cm�2 is ob-
tained, which is similar to that reported for related molecules as
2-mercaptopyridine and 6-mercaptonicotinic acid [17,53].

It is well-known that the reductive desorption of a well or-
dered up-right monolayer of an alkanethiol with a
(
p

3 � p3)R30� structure should produce a single sharp peak
with values for desorption charge ranging from 75 to 85 lC cm�2

[32]. This value of charge corresponds to a coverage, based on
the number of adsorbed molecules per number of substrate
atoms in the unit cell, of 0.33 monolayers. Nevertheless, when
the C atom bonded to the S head-group in aromatic thiolates
presents a sp2 hybridization, such as benzenethiolate on gold,
Q varies from 45 to 56 lC cm�2 [31,55–57] and corresponds to
a lower coverage than for aliphatic thiolates. In a recent paper,
Matei et al. [58] found by means of XPS, LEED and STM experi-
ments, that samples of 1,10-biphenyl-4-thiol on Au(111) pre-
pared from vapor phase (in vacuum) and liquid phase, form a
hexagonal (2 � 2) structure at room temperature instead of the
well-known (

p
3 � p3) structure. They relate the slightly in-

creased molecular distances of the densely packed SAMs respect
to the one for the typical (

p
3 � p3) structure of the densely

packed alkanethiol SAMs on Au(111) to the increased van der
Waals radii and intrinsic rigidity of the biphenyl-derived species
[58]. Therefore, a value of 56 lC cm�2 instead 75 lC cm�2 is ex-
pected for the desorption charge in this kind of adsorbates,
which would correspond to a coverage value of around 0.24.
Nevertheless, it should be taken in mind that effects as penetra-
tion of water into the interfacial region due to the high solubility
of the adsorbate as well as the repulsion produced by the pres-
ence of a negative charge on the carboxylate head group would
also modify the size.

The origin of the cathodic contributions at potential zone II and
its complementary contributions at zone III is not clear. It has been
proposed for other aromatic thiols that the adsorption process in-
duces activation of the oxidative cleavage of the S–C bond, with the
resulting formation of an adlayer composed of atomic and oligo-
meric forms of sulfur [33,55,59–61].

In order to clarify the chemical origin of the current contribu-
tions in potential zone II, electrochemical and XPS studies of 2-
MNA and Na2S mixtures are in progress and the detailed study of
this phenomenon will be discussed in a forthcoming paper.

As shown in Fig. 1, a cathodic peak at �0.76 V is obtained for the
reductive desorption of 2-MNA layers in alkaline solutions for all
the dipping times employed. Fig. 2a shows the deconvoluted j/E re-
sponse at 0.1 V s�1 for SAMS obtained at different dipping times.
Desorption charge (Qc) increase and half-width peak (DE1/2) de-
crease with dipping time (Fig. 2b). For tdip P 30 min, both Qc and
DE1/2 reach nearly constant values of 47.0 lC cm�2 and 27 mV
respectively, indicating that 2-MNA molecules are closely packed
on the Au surface and the structure of the SAM is nearly stabilized.
Additionally, a linear dependence of the current density for the
desorption peak, jp, with the sweep rate, t, as well as a constant
desorption charge are obtained (results not shown) corroborating
that only adsorbed species are involved in the cathodic process ob-
tained at �0.76 V [62].



Fig. 2. (a) Deconvoluted reductive desorption profiles at 0.1 V s�1 in NaOH solution
for a Au(111) electrode modified at different dipping times in 10 mM 2-MNA (pH
13) solution. tdip: ( ) 1 min; ( ) 10 min and ( ) 60 min. (b)
Dipping time dependence of the half width peak DE1/2 ( ) and cathodic desorption
charge QC ( ).

Fig. 3. Potentiodynamic j/E response at 0.1 V s�1 in 10 mM Fe2+/Fe3+ + 0.1 M H2SO4

for bare ( ) and modified Au(111) electrodes for different dipping times in
10 mM 2-MNA (pH 13). tdip: 15 min ( ); 1 h ( ) and 6 h ( ).

Fig. 4. Nyquist diagrams in 10 mM Fe2+/Fe3+ + 0.1 M H2SO4 of bare (inset) and
modified Au(111) electrodes for different dipping times in 10 mM 2-MNA (pH 13).
tdip: 5 min ( ); 15 min ( ); 1 h ( ) and 6 h ( ). Full lines: simulations after fitting
with the Randles circuit.
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3.2. Fe2+/Fe3+redox couple electrochemical behavior on 2-MNA SAMs

Usually, well-behaved redox couples are employed to sense the
electrochemical activity of an electrode surface. In the presence of
SAMs, the change of the kinetics of the electron transfer reaction
provides structural information of the films [4–17].

Cyclic voltammetry is an important technique to evaluate the
blocking properties of monolayer-coated electrodes using diffu-
sion-controlled redox couples as probes. Fig. 3 shows the potentio-
dynamic j/E response at 0.1 V s�1 of bare and modified Au(111)
electrodes in 10 mM Fe2+/Fe3+ + 0.1 M H2SO4 solutions for different
dipping times. On bare Au(111) surface, the Fe+2/Fe+3 redox couple
shows a quasi-reversible j/E response, with ca. 90 mV of anodic to
cathodic peak potentials separation, DEp, and the typical shape for
a charge transfer process controlled by semi-infinite linear diffu-
sion [63]. On the other hand, the potentiodynamic j/E response of
modified Au(111) surfaces at different dipping times shows a pro-
nounced increase of DEp (ranging from 750 mV for 15 min to
830 mV for 6 h of dipping time) and a decrease of the peak current
for both the anodic and the cathodic peaks. No apparent changes in
the monolayer structure such as desorption or oxidation are no-
ticed in the potential range employed. This rather imperfect block-
ing behavior corresponds to that obtained for microelectrode
arrays [5]. This microelectrode array behavior is attributed to the
access of ions through pinholes, defects and/or pores present in
the SAM, which facilitates radial diffusion of the redox probe spe-
cies as opposite to linear diffusion observed for the case of bare
gold surfaces [4,5]. Nevertheless, properties of SAMs such as sur-
face coverage or distribution of pinholes and defects are obtained
much more easily from impedance analysis.

Electrochemical impedance spectroscopy is also a powerful
technique to probe surface modified electrodes, providing informa-
tion on solution resistance, double layer capacitance, diffusion pro-
cesses and charge transfer process occurring at SAM modified
surfaces. Fig. 4 shows the Nyquist diagrams of the impedance re-
sponse obtained in 10 mM Fe2+/Fe3+ + 0.1 M H2SO4 solutions for
bare (inset) and modified Au(111) electrodes at different dipping
times. At high frequencies the spectrum for the bare gold surface
shows one RC semicircle followed by a straight line with 45� slope
at low frequencies. This is the typical impedance behavior for a
charge transfer reaction controlled by semi-infinite linear diffusion
and it is usually interpreted in terms of the Randles equivalent
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electrical circuit [64]. Values for the double layer capacitance of the
electrode surface, Cdl, charge transfer resistance related to the ki-
netic constant for the electrochemical reaction, Rct,bare, and War-
burg diffusional parameter, r, can be obtained from fitting
procedures employing the Randles circuit. On the other hand, the
impedance response for the modified Au(111) surfaces shows only
the RC semicircle at high frequencies but the diffusion regime is
not clearly defined at low frequencies. It can be seen that the diam-
eter of the semicircles (Rct,SAM) is always of higher size than that
obtained for the bare Au surface and increases as dipping time in-
creases. Rct,SAM values were also obtained from fitting employing
the Randles circuit. Higher Rct,SAM values indicate a decrease in
the electron transfer reaction rate or a diminution of the active
area. The last assumption can be taken into account as a decrease
in the apparent value for the electron transfer rate constant due to
the non-perfect monolayer structure, since pinholes and other de-
fects may exist as a result of imperfect adsorption of molecules
during the self-assembly step and/or subsequent loss of molecules.

In order to characterize a modified surface it is important the
determination of nature, size and distribution of the pinholes or
other defects as well as coverage. One of the simplest models found
in literature treats the pinholes as an array of microelectrodes of
uniform size and spacing distributed in an insulating plane, where
the coverage, h, is defined by geometrical considerations [5]. Radial
diffusion to the pinholes in the SAM dominates the overall behav-
ior and, under these conditions, the current is not a simple function
of the exposed area of the coated electrode. It has been shown [5]
that for modified electrodes with h > 0.9, the charge transfer resis-
tance, Rct,SAM, is related to the covered surface fraction by the
equation:

h ¼ 1� Rct;bare

Rct;SAM
ð1Þ

from which an estimation of coverage was made. An increase of
the coverage value from h = 0.9994 to 0.9996 for 5 min to 6 h dip-
ping times, respectively, is obtained. This variation indicates that a
higher stabilization and packing of the monolayer is obtained as
dipping time increases. As a conclusion, 2-MNA molecules adsorb
Scheme 2. Schematic representation of the possible configuration

Scheme 1. 2-MNA acid–base equ
on Au(111) at high coverage forming a closely packed structure
and presenting also the characteristics of an array of microelec-
trodes due to the existence of pinholes and/or other defects. How-
ever, the values of coverage should be taken judiciously since they
can be overestimated due to the existence of monolayer charge ef-
fects (see below).

The analysis of size and distribution of pinholes and defects of
the monolayer cannot be performed since the information neces-
sary is contained in the low frequency region of the impedance
spectra where the diffusion effects are important, which are not
clearly defined in the present case.
3.3. Characterization of adsorption process of 2-MNA on Au(111)

In aqueous solution, 2-mercaptonicotinic acid behaves as a
weak acid presenting a complex behavior. Multiple acid–base equi-
librium reactions as shown in Scheme 1 have been reported [65].
Based on the neutral molecular form of 2-MNA, similar values of
pKa2 = 5.8 and pKa3 = 8.8 and a substantially lower value
pKa1 = 0.88 have been found by spectroscopic measurements
[66]. Nevertheless, from potentiometric titration data pKa values
of 7.4 and 11.0 for the carboxylic and thiol groups have also been
reported recently [67]. Apart from the acid–base equilibrium reac-
tions shown in Scheme 1 and 2-MNA presents equilibrium reac-
tions between different tautomeric species involving the
formation of thione groups similar to those described for 2-mer-
captopyridine and 2-mercaptopyrimidine [68]. Furthermore,
pyridinecarboxilic acids can also exist as tautomeric mixtures of
neutral and zwitterionic forms in aqueous or aqueous/organic sol-
vent mixtures [66]. For 2-MNA, tautomeric equilibrium constant
for zwitterion formation as well as the values of the acid–base dis-
sociation constants were determined, concluding that 2-MNA ex-
ists predominantly as the zwitterion form in the mixtures
investigated [66].

2-Mercaptonicotinic acid molecules present four chemical
groups which may function as ligands in the surface adsorption
process, i.e. the sulfur atom, the carboxylic group, the nitrogen in
the pyridinic ring and the aromatic p system. The usual practice
s for 2-MNA adsorption onto Au(111) at different pH values.

ilibria in aqueous solutions.
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is to prepare the monolayers in strong alkaline aqueous solutions.
Under these conditions, 2-MNA stable species corresponds mainly
to the doubly-charged negative species (structure 4 in Scheme 1),
and/or the thione tautomeric species. As a strong thiolate-gold
chemical bond is expected for the experimental dipping conditions
employed, after adsorption the thione species can be discarded for
the 2-MNA adsorbed surface species. In addition, a moderate inter-
action involving the non-bonding electrons of the non-protonated
pyridinic nitrogen with the gold surface could stabilize the molec-
ular adsorption. It has been reported that related molecules such as
2-mercaptopyridine or 6-mercaptonicotinic acid assemble on gold
surfaces through sulfur and nitrogen atoms, adopting a near-verti-
cal orientation [17,53].

Surface enhanced Raman scattering has been established as a
powerful tool for the spectroscopic investigation of adsorbate–me-
tal interactions. Therefore, in order to obtain independent informa-
tion regarding 2-MNA adsorption on gold surfaces, SERS
measurements have been performed. Fig. 5 shows Raman spectra
obtained for an aqueous alkaline (pH 13) 2-MNA solution
(Fig. 5a) compared with SERS spectra for 2-MNA monolayers pre-
pared under different conditions. SERS spectrum of a monolayer
obtained by dipping in a 2-MNA solution at pH 13 is shown in
Fig. 5b, while typical results recorded for monolayers prepared at
pH 13 and afterwards immersed in acidic (pH 4) or neutral (pH
7) solutions, which were very similar, are shown in Fig. 5c.

The comparison of the conventional Raman spectrum of 2-MNA
in solution (Fig. 5a) with SERS spectra of 2-MNA monolayers under
different conditions (Fig. 5b and c), shows a shifting of peak posi-
tions of 5–20 cm�1 and a relative enhancement of multiple signals.
This shifting in peak positions indicates that 2-MNA molecules are
chemisorbed on the modified gold surface. Most of the ‘‘in plane’’
ring vibration modes are present and result enhanced: dCH(18b)
Fig. 5. Raman spectra for 0.1 M 2-MNA (pH 13) aqueous solution (a); 2-MNA SAMs
on Au prepared by 1 h dipping in 0.1 M NaOH (pH 13) (b); and immersed
subsequently for 10 min in solutions of pH 7 or 4 (c).
at 1049–1053 cm�1; mCC (8a) at 1591–1600 cm�1; mCC(19b) at
1443–1450 cm�1; masCH(13) at 1118–1123 cm�1; mCC(1) at
1077–1080 cm�1; dCC(6a) at 625–646 cm�1. In addition, the ab-
sence of the ‘‘out of plane’’ modes sCCCC (16b) at 431–477 cm�1

and sCCCC (4) at 733 cm�1 is noticed. Additionally, for SAMS ob-
tained by dipping in 2-MNA solutions at pH 13 (Fig. 5b) the lack
of carboxylate stretching (msCOO� at 1383 cm�1) and bending
(dCOO� at 854 cm�1) vibrations indicates that in alkaline solutions
no interaction of the carboxylate group with the gold surface is de-
tected by SERS. The strong enhancement of the ‘‘in-plane’’ ring
vibrations as well as the absence of carboxylate stretching or bend-
ing signals in alkaline medium points to the 2-MNA molecules
adsorption perpendicularly to the Au(111) surface through a thio-
late-gold covalent bond as well as by a weak interaction of the
non-protonated pyridine nitrogen, leaving the carboxylate group
exposed to the solution (see Scheme 2).
3.3.1. Impedance titration
In order to determine the existence of ionisable groups exposed

to the solution in the 2-MNA monolayers prepared by dipping in
alkaline solutions (pH 13), impedance measurements using the
[Fe(CN)6]3�/[Fe(CN)6]4� redox probe were performed varying the
pH of the electrolyte in the 2–10 range. Impedance spectra
were measured at the formal potential corresponding to the
[Fe(CN)6]3�/[Fe(CN)6]4� redox couple and the values of Rct were
obtained from fitting employing the Randles circuit as described
in Section 3.2. Thus, 2-MNA monolayers can be titrated by chang-
ing the solution pH since the charge density at the monolayer
changes and, consequently, Rct changes as well. The values of Rct

for the redox couple at the bare Au(111) surface at the different
pH values were also obtained.

Fig. 6 shows the variation of Rct with pH, measured on the bare
and the modified Au(111) surfaces by 1 h dipping in 10 mM 2-
MNA (pH 13) solution. As can be seen, values of Rct obtained for
the modified surface increase with pH due to the inhibition of
the electron transfer rate following a broad sigmoid response,
which is characteristic of a typical titration curve. This variation
takes place as a result of the increase in electrostatic repulsion be-
tween the negatively charged species of the redox probe and the
surface charge density on the monolayer as pH increases
Fig. 6. Impedance titration curve measured using [Fe(CN)6]3�/[Fe(CN)6]4� as a
redox probe on bare ( ) and modified Au(111) surfaces ( ) by 1 h dipping in
10 mM 2-MNA (pH 13) solution.
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[17,69–71]. From the inflexion of the titration curve, a value
pKa(SAM) � 6.0 can be estimated for the surface 2-MNA monolayer.

This result indicates that for pH > pKa2, the carboxylic acid
group is deprotonated and the monolayer acquires a negative sur-
face charge, meanwhile it remains neutral or positively charged at
lower pH values (Fig. 6) due to the beginning of pyridinic nitrogen
protonation. Additionally, the dependence with pH of the charge
transfer resistance for the bare gold surface, Rct,bare, deserves a
careful analysis. For pH P 5, Rct,bare has a constant value
of � 11 X cm2, while for pH 6 4.5 increases reaching a
value � 40 X cm2 for pH 2. This can be explained taking into ac-
count the pH effect on the kinetics of electron transfer of the redox
probe. Holzwarth et al. [72] have studied the pH dependence of the
kinetic parameters for the [Fe(CN)6]3�/[Fe(CN)6]4� electron trans-
fer reaction in aqueous solutions. They reported that below pH 5,
[Fe(CN)6]4� species can be protonated to H[Fe(CN)6]3� and H2-

[Fe(CN)6]2�, being the [Fe(CN)6]3� species the only oxidation prod-
uct. As a consequence, because a previous deprotonation process
must take place, the electron transfer rate constant decreases as
pH is lowered and, consequently, the increase of Rct,bare below pH
5 is seen (Fig. 6).

From the comparison of Rct variation with pH obtained for the
bare and modified gold surfaces, two different pH zones can be dis-
tinguished. In the 2 6 pH 6 4.5 range, Rct,bare is higher than Rct,SAM,
which is opposite to the relation obtained for pH > 4.5. This can
be explained taking into account that for pH < 4.5, electrostatic
attraction between the negative species of the redox probe and an
increasing fraction of positive charge on the 2-MNA SAM should
take place. This, in turn, increases the rate of the charge transfer
reaction making that Rct,SAM decreases to values even lower than
those for the bare gold substrate. This effect must be assigned
undoubtedly to the development of positive charge on the 2-MNA
surface species as pH decreases. The positive charge fraction on
the monolayer should be generated by the protonation of the pyrid-
inic nitrogen, which takes place overlapped with the protonation of
the carboxylate group due to the small difference in pKa values for
both groups. This can also be deduced from the wide pH range that
shows the whole change of Rct with pH, which is around four units
(from 3.5 to 7.5). Additionally, the progressive protonation of the
pyridine nitrogen must be accompanied by desorption of this group
from the surface allowing the formation of the zwitterionic for of 2-
MNA by intramolecular proton transfer between the nitrogen of the
ring and the carboxylic acid group. This would lead, in turn, to a
change in the orientation of 2-MNA species at the surface. This is
further supported by SERS spectra obtained for SAMS prepared by
immersion in 2-MNA solution at pH 13 and afterwards immersed
in neutral (pH 7) of acidic (pH 4) solutions (Fig. 5c). Besides the
‘‘in-plane’’ vibration modes enhancement mentioned before, SERS
spectra obtained at pH 7 or 4 show a weak enhancement of the
bands for the carboxylate stretching (msCOO� at 1383 cm�1) and
bending (dCOO� at 854 cm�1) vibrations as well as the absence of
the carbonyl stretching, mC@O at 1680 cm�1 of the COOH group.

These results indicate that for pH 6 7, at least a fraction of 2-
MNA molecules interact perpendicularly to the surface via the
thiolate bond and the carboxylate group. Additionally, they also
indicate that the carboxylic acid group is found deprotonated when
it interacts with the gold surface, even at pH < pKa. In addition to
the electrochemical results, the spectroscopic evidences described
above are interpreted as 2-MNA adsorption on gold surfaces at
pH 6 7 acquiring two different configurations as summarized in
Scheme 2. Similar results have been shown in SERS studies of o-
mercaptobenzoic acid [73] and nicotinic acid isomers [74] ad-
sorbed onto Ag.

Nevertheless, it would be emphasized that neither the equilib-
rium constant value for the formation of the zwitterionic species
on the surface nor the effect of pH on this equilibrium are known.
3.3.2. pH effects on the reductive desorption
Reductive desorption of alkanethiol SAMs from a metal surface

in aqueous alkaline solutions has been widely used to make a diag-
nostic of the state of SAMs, and the role of the intermolecular inter-
action between adsorbed species in determining the peak potential
has been discussed [75]. In addition, the difference in the adsorp-
tion Gibbs energy of alkanethiolates in the peak shift with the alkyl
chain length [76] as well as the existence of nucleation and growth
processes at the onset of the reductive desorption [77] have been
recognized.

The modeling of the reductive desorption has been described as
a one-electron reduction followed by the desorption of the alkane-
thiolate reduced species from the surface [50]. Assuming that the
desorption process is fast enough, a model of a one-step one-elec-
tron reductive desorption employing different isotherms in order
to incorporate the effect of intermolecular interactions to the rate
equations has been employed by Kakiuchi et al. [50] and the con-
ditions for reversible behavior have been discussed. The numerical
calculated cyclic voltammograms describe satisfactorily the results
for reductive desorption of self-assembled alkanethiols of different
chain length in aqueous solutions [50] as well as in ionic liquids
[78].

Reductive desorption of SAMs of thiols is also a useful way to
evaluate properties such as the pKa values of the different func-
tional groups in the adsorbed molecules. From a general point of
view, during reductive desorption in strong alkaline media of any
monolayer of a thiol molecule chemically adsorbed to a gold sur-
face, the electron transfer from the metal surface to the adsorbed
molecule is usually described by the reaction:

RS� Auþ e� $ RS� þ Au ð2Þ

where R represents an aromatic group or an aliphatic chain, and the
thiolate anions are completely dissolved in the solution after
desorption from the surface.

However, as pH of the electrolyte is lowered, protonation of the
thiolate group and/or any other ionisable groups in the molecule
may take place after the desorption reaction [79,80]

RS� þHþ $ R � SH ð3Þ

Thus, in this case the overall desorption reaction should be for-
mulated as:

RS� AuþHþ þ e� $ R � SHþ Au ð4Þ

Therefore, according to the pKa values of the adsorbed and dis-
solved thiol species, reductive desorption should be pH-dependent.
Thus, for reaction (2) the Nernst equation predicts a constant value
for the half-wave potential (E1/2), while a shifting of �59 mV/pH is
expected for reaction (4). Even though a precise analysis of the
electrochemical desorption of thiol SAMs cannot be made only
by Nernst equation because it is not a simple reversible redox reac-
tion, this approach has been successfully applied to desorption of a
number of x-functionalised thiols adsorbed on gold [79].

In order to gain a deeper insight in the 2-MNA adsorption onto
Au(111) surfaces and the pKa values of the adsorbed and/or dis-
solved species, reductive desorption experiments varying the pH
of the electrolyte employed for the desorption were performed.
Fig. 6 shows the cathodic sweeps obtained in aqueous solutions
of different pH for the reductive desorption of 2-MNA SAMs pre-
pared by dipping in an alkaline solutions (pH 13). For desorption
at pH 13, a single cathodic peak (peak I) is obtained, as described
in Section 3.1 (desorption charge Qc = 47.0 lC cm�2). In the 13–
10 pH range, peak I shows the same characteristics already de-
scribed, i.e. cathodic charge and peak potential are nearly constant
with pH. Below pH 10, peak I shifts progressively towards less neg-
ative potentials, showing both a decrease in height and a slight
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broadening. At even lower pH values (below around pH 8) the
shifting of peak I with pH is more marked and a shoulder (Ib) lo-
cated at more negative potentials than peak I, is seen. This makes
that peak I splits in two broad current contributions (I and Ib), even
though the value of Qc remains constant. At pH 7, peak I is located
at �0.46 V (Qc, I = 24 lC cm�2) and peak Ib appears at �0.56 V (Qc,
Ib = 23 lC cm�2), while at pH 4, peak Ib is predominant and the
overall desorption charge decreases slightly. The other remarkable
effect observed is the steady increase of the half-peak width as pH
decreases. These results can be explained assuming that for ad-
sorbed 2-MNA on Au(111) only one configuration is present in
very alkaline conditions, meanwhile two different structures (I
and Ib), with distinct stability, would coexist on the gold surface
when neutral or acidic media are employed, as shown in Scheme 2.

Thus, when reductive is performed in neutral or acidic media,
peak I corresponds to desorption of the structure where interaction
with the gold surface is by sulfur and nitrogen groups, while peak
Ib is associated with the other, more stable, configuration. These
conclusions are further supported by the results obtained from
the titration curve as well as the spectroscopic evidence on 2-
MNA interactions with the Au(111) surface.

In order to lighten the complex dependence of the cathodic
desorption profiles on solution pH, the dependence of the peak po-
tential with pH was analyzed. Fig. 7 shows the change of Ep for
peaks I and Ib with pH for 2-MNA monolayers prepared by 1 h of
immersion in 10 mM 2-MNA + 0.1 M NaOH solutions and desorbed
in 0.1 M buffered phosphate solutions of different pH. For peak I
the Ep – pH dependence is complex, showing four different zones
along the 2–13 pH range studied. In the 10 < pH < 13 range a pH
independent value Ep, I = �0.76 V followed by a linear decrease of
Ep, I with a slope of around – 60 mV/pH in the 8 < pH < 10 range,
are obtained. For 6 < pH < 8, an additional linear decrease of Ep, I
with a slope of �120 mV/pH is seen, followed by another region
for pH < 6 where the slope is around �38 mV/pH. On the other
hand, in the 2 < pH < 7 range, a single dependence of Ep, Ib with a
slope of around �55 mV/pH is obtained.

Assuming the one-electron reduction followed by the desorp-
tion of the alkanethiolate reduced species from the surface and
taking into account the protonation of the thiolate group and/or
any other ionisable groups in the molecule that could take place
after desorption, the dependence with pH of the peak potential
Fig. 7. Reductive desorption at 0.1 V s�1 in 0.1 M NaOH ( ) or in 0.1 M
buffered phosphate solutions of pH 9 ( ); 7 ( ) and 4 ( ) for
Au(111) surfaces modified after 1 h of dipping in a 10 mM 2-MNA solution (pH 13).
The reader is referred to the web version of this article for interpretation of this
figure.
for desorption can be obtained [79]. Thus, for 2-MNA monolayer
desorption performed in alkaline media (pH > pKa3), the adsorbed
species is not protonated and desorbs from the surface giving the
doubly-charged anion according to:

Au� SðC5H3NÞCOO� þ e� $ �SðC5H3NÞCOO� þ Au ð5Þ

As a consequence, in this pH range desorption of 2-MNA is pH-
independent and a constant value of Ep is expected. However, there
are also other groups, i.e. thiol, carboxylate and pyridinic groups,
that depending on solution pH can be protonated/deprotonated
after desorption of the monolayer. For pH < pKa3 protonation of
the thiolate group in solution should take place after desorption,
according to the overall reaction:

Au� SðC5H3NÞCOO� þHþ þ e� $ HS� ðC5H3NÞCOO� þ Au ð6Þ

and a linear Ep vs. pH variation with a slope of �60 mV/pH is
predicted [62]. This is the behavior found for peak I in the 10–8
pH range. The bending at pH � 10 can be associated with the pKa

value for the thiol group, in fair agreement with the value
pKa3 = 11 reported in Ref. [67].

Below pH � 8, another break in the Ep, I vs. pH plot, which ex-
tends up to pH � 6, is obtained. In this pH range, carboxylate group
is not fully protonated since pKa2(SAM) � 6 as estimated from the
titration curve in Section 3.3.1. However, if the value of pKa2 = 7.4
from Ref. [67] is considered, after desorption both the thiol as well
as the carboxylate groups must be protonated in solution, accord-
ing to:

Au� SðC5H3NÞCOO� þ 2Hþ þ e�

$ HS� ðC5H3NÞCOOHþ Au ð7Þ

For this reaction scheme, a linear Ep vs. pH dependence with a
slope of �120 mV/pH is expected, as experimentally found
(Fig. 7). These results also allow to assign the value pKa2(SAM) � 6
for the carboxylate group for the self-assembled layer of 2-MNA.
Finally, for pH < 6 the carboxylate group for the adsorbed 2-MNA
layer is protonated, and desorption can be represented by:

Au� SðC5H3NÞCOOHþHþ þ e� $ HS� ðC5H3NÞCOOHþ Au ð8Þ

and a linear dependence with a slope of – 60 mV/pH is pre-
dicted. However, the value obtained is around �38 mV/pH, which
has been explained by an additional stabilization of the SAM due
to lateral interactions, probably as a consequence in the present
case, of hydrogen bonding between adjacent molecules [79].

On the other hand, as pKa2(SAM) � 6 and taking into account
that protonation/deprotonation equilibria take place in the range
of pK ± 1, the initiation of the protonation of the carboxylate group
at adsorbed species takes place around pH 7. Therefore, a this pH
value the formation of zwitterionic adsorbed species is possible
as discussed above. This leads to protonation of the pyridinic nitro-
gen with loss of the nitrogen interaction with the surface as well as
to the carboxylate group interaction with the gold substrate
(Scheme 2). In acidic solutions, the two other structures (I and
Ib) probably exist forming different domains on the surface. The
desorption process of the zwitterionic adsorbed species (structure
Ib) takes place at potentials more negative than for peak I, which
would mean that an important interaction of carboxylate group
with the gold surface takes place.

For this case, desorption can be represented by the reaction:

Au� SðC5H3NHþÞCOO� þHþ þ e�

$ HS� ðC5H3NHþÞCOO� þ Au ð9Þ

A linear Ep vs. pH variation with a slope of �60 mV/pH is ex-
pected, which is very similar to the value of �55 mV/pH found in
the 2–7 pH range for peak Ib (Fig. 8).



Fig. 8. pH dependence of Ep for peak I ( ) and Ib ( ) for the reductive desorption at
0.1 V s�1 of 2-MNA monolayers prepared on Au(111) for 1 h of dipping in 0.1 M
NaOH (pH 13).
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4. Conclusions

Potentiodynamic j/E response of self-assembled 2-mercaptoni-
cotinic acid monolayers on Au(111) in alkaline solutions shows
characteristic desorption/re-adsorption waves. 2-MNA desorbs
reductively from the surface at �0.76 V (vs. ECS). From desorption
experiments the value of the surface concentration can be esti-
mated, which result similar to that reported for related aromatic
molecules.

The change of the kinetics of the electron transfer reaction for
the Fe2+/Fe3+ redox probe in the presence of the SAM provides
structural information of the monolayers. Both, cyclic voltammetry
and electrochemical impedance spectroscopy measurements,
show a rather imperfect blocking behavior of the 2-MNA SAM. This
behavior corresponds to that obtained for microelectrode arrays,
which is attributed to the access of ions through pinholes, defects
and/or pores present in the SAM. From EIS experiments an estima-
tion of coverage is made, obtaining an increase of coverage with
dipping time, indicating a higher stabilization and packing of the
monolayer as dipping time increases.

In aqueous solution, 2-mercaptonicotinic acid behaves as a
weak acid presenting a complex acid–base behavior as well as
equilibrium reactions between tautomeric species, including the
formation of zwitterionic forms. In strong alkaline aqueous solu-
tions, 2-MNA stable species corresponds mainly to the doubly-
charged negative species and a strong thiolate-gold chemical bond
as well as a moderate interaction involving the non-bonding elec-
trons of the non-protonated pyridinic nitrogen with the gold sur-
face are expected. Additionally, no interaction of the surface with
the carboxylate group is detected by SERS.

The characteristics of ionisable groups exposed to the solution in
the 2-MNA monolayers prepared by dipping in alkaline solutions
were obtained by impedance measurements at different pH using
the [Fe(CN)6]3�/[Fe(CN)6]4� redox probe. A value pKa(SAM) � 6.0
can be estimated for the carboxylate group in the surface 2-MNA
monolayer, indicating that for pH > pKa, the carboxylic acid group
is deprotonated and the monolayer acquires a negative surface
charge, meanwhile it remains neutral or positively charged at lower
pH values due to the beginning of pyridinic nitrogen protonation.
From the comparison of Rct variation with pH obtained for the bare
and modified gold surfaces, it is concluded that for pH < 4.5, an
increasing fraction of positive charge on the 2-MNA SAM takes
place due to protonation of the pyridinic nitrogen, which takes
place overlapped with the protonation of the carboxylate group.
The protonation of the pyridinic nitrogen must be accompanied
by desorption of this group from the surface, allowing the forma-
tion of the zwitterionic species of 2-MNA by intramolecular proton
transfer between the nitrogen of the ring and the carboxylic acid
group. This leads to a change in the orientation of 2-MNA species
allowing the interaction between the carboxylate group and
the gold surface, which is further corroborated from SERS
measurements.

Reductive desorption of SAMs of thiols at different pH values
was also employed to evaluate properties as pKa values of the dif-
ferent functional groups in the adsorbed molecules. As pH of the
electrolyte is lowered, protonation of the thiolate group and/or
any other ionisable groups in the molecule may take place after
the desorption process, resulting in a pH-dependent value of peak
potential for reductive desorption. In alkaline aqueous medium, 2-
MNA adsorbs through a thiolate chemical bond on the gold surface
and an additional interaction of the pyridinic nitrogen stabilizes
the monolayer. Thus, when reductive desorption is made in alka-
line medium, only one cathodic peak is obtained. Also, this config-
uration exposes the carboxylate group to the solution, which can
be protonated when pH is lowered below 8. Furthermore, the split-
ting in two cathodic current contributions for pH values lower than
ca. 7, allows to state that two different molecular configurations for
2-MNA coexist on the gold surface in neutral or acidic media. This
is assigned to the occurrence of an equilibrium between the molec-
ular structure bonded through sulfur and nitrogen and the surface-
bonded zwitterionic species by intramolecular proton transfer
from the carboxylic acid group to the ring nitrogen, leading to
the protonation of the pyridinic nitrogen and allowing the interac-
tion of the carboxylate group with the gold surface.
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