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Abstract

Thiol-capped metals, in particular gold, have a wide range of technological applications,
especially for building systems by bottom-up methods. In most cases, stability of the organic
film during exposure to ambient conditions and/or to electrolyte solutions is a crucial
requirement. In this work we discuss the stability of butanethiol self-assembled monolayers
(SAMs) on planar, nanocurved and irregular Au surfaces against both air exposure and
electrodesorption in aqueous media. We have found a slower rate of air oxidation and increased
stability against electrodesorption for butanethiol monolayers on highly irregular Au surfaces
as compared to those on planar surfaces. The increased stability of SAMs on highly irregular
surfaces is promising because desorption and degradation seriously limit their application

in nanotechnology.

1. Introduction

Organic molecular films have a broad field of applications
in molecular electronics, and also as electrochromic devices,
sensors, biomolecular chips, resists for soft lithography, and
surface active agents for modifying the properties of solid
surfaces, among others [1-6]. Self-assembled monolayers
(SAMs) of thiols on metals and semiconductors are the most
popular type of organic molecular films [2, 7]. Thiol SAMs
represent an easy path to link inorganic, organic and biological
materials to metal surfaces [1]. The sulfur atom of the
molecule links a hydrocarbon chain of variable length to the
metal surface through a covalent bond, while van der Waals
forces between neighboring molecules contribute to stabilize
the structure [8]. The thiol terminal group confers specific
properties to the surface, and can also be used to anchor
different molecules, biomolecules, or nanostructures by weak
interactions or covalent bonds [2, 6]. SAMs of thiols can be
prepared on different metals and semiconductor surfaces, such
as Au, Ag, Cu, Pd, Pt, Ni, and GaAs, either from solution or
by vapor phase deposition [9]. However, Au is the preferred
substrate for solution preparation, since oxide-free, clean, flat
surfaces can be easily obtained in ambient conditions. The
strong S—Au bond and the interactions among hydrocarbon
chains yield dense, crystalline alkanethiol monolayers, both in
gas and liquid phases [7-9].

Most of our information about thiol SAM structure and
bonding on Au is related to planar surfaces, like single crystals
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or evaporated films on substrates such as glass, silicon or
mica. However, in the last years, a great interest has arisen
for thiol SAMs on Au nanoparticles (AuNP) [2, 10, 11],
which have a wide range of applications, from electronics to
medicine [12-14]. Metal NP can be obtained by simple ‘wet
chemistry’ synthetic methods that usually involve thiol as one
of the reactants, which forms a protective cap that reduces
NP growth and avoids aggregation [10, 15]. At the same
time, different thiols can be used to anchor a wide variety
of molecules and biomolecules [16], thus conferring specific
functionalities to the NP surface.

On the other hand, high area functionalized metal
surfaces are important to improve the performance of sensors,
biosensors and optical devices by increasing either the optical
or electrical signals with respect to those of a planar
surface due to an area increase [6, 17]. Also, these metal
surfaces are promising in the fields of electrocatalysis and
bioelectrocatalysis. As in the case of planar surfaces and
NP, thiols have been used to anchor different molecules
and biomolecules to these high area irregular surfaces
by using covalent bonds or weak interactions.  Thiol-
covered nanostructured high area Au surfaces have also been
investigated because they exhibit properties that do not depend
linearly on the area, like super-hydrophobicity and super-
hydrophilicity [18], and the surface enhanced Raman scattering
(SERS) effect [19].

In most technological applications the stability of the
organic film during exposure to ambient conditions and/or to
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electrolyte solutions is a crucial requirement. It has been
reported that the resistance of thiol in these environments
depends on the characteristics of the gold substrate [20].
Therefore, this point deserves further investigation.

In this work we have compared the stability of butanethiol
self-assembled monolayers (SAMs) on planar, nanocurved and
irregular Au surfaces against air exposure and also to aqueous
media. After a brief overview about SAM organization
on the different substrates and on their applications, we
report new experimental results showing that thiol monolayers
exhibit greater stability in both environments (air and aqueous
solutions) in the case of highly irregular Au surfaces as
compared to planar surfaces. The increased stability of
SAMs on highly irregular surfaces is promising because
desorption and degradation seriously limit their applications in
nanotechnology.

2. Experimental details

Three different types of samples were prepared for the
experiments:

(a) Thiol SAM on planar gold. Flame annealed substrates
(purchased from Arrandees™), consisting of vapor
deposited gold films (250 £ 50 nm in thickness) on
a thin layer of chromium supported on glass were
used.  These polycrystalline substrates exhibit large
grains with atomically smooth terraces separated by steps
of monatomic height [21]. Butanethiol self-assembled
monolayers were prepared by immersing the substrates in
50 «M butanethiol ethanolic solutions for 24 h.

(b) Curved gold surfaces. Butanethiol-covered gold nanopar-
ticles (AuNP) 3 nm in size prepared by the Brust method
were used [22]. Highly oriented pyrolytic graphite
(HOPG) substrates were immersed in a 0.3 mg ml™!
butanethiol-capped AuNP-containing hexane solution for
30 min to form gold-coated carbon surfaces [23].

(c) Highly irregular gold surfaces. Nanostructured gold sub-
strates were prepared following the procedure described
in [24]. Briefly, polycrystalline gold plates were anodized
in 0.5 M H,SO;, solution for 5 min at 2.4 V (versus a
saturated calomel electrode (SCE) reference) in a con-
ventional 3-electrode electrochemical cell. This anodiza-
tion process results in the formation of a thick hydrous
gold oxide. Immediately afterward the potential was ca-
thodically swept at 0.025 V s~! and held at —0.5 V for
5 min to electroreduce the thick gold oxide and thus ob-
tain a highly irregular gold surface (black gold) with a
real surface area ~50 times greater than the starting gold
surface. The real surface area of the resulting irregu-
lar metallic surface was voltammetrically measured in the
same 3-electrode cell and electrolyte by calculating the
charge related to the AuO — Au phase change, i.e. the
electroreduction charge [24]. For this purpose the poten-
tial applied to the Au surface in contact to the electrolyte
solution was ramped at a constant rate, while recording
the current (voltammetry). The real surface area was then
calculated by measuring the charge of the AuO monolayer

electroreduction peak and by considering that 440 pC cor-
respond to 1 cm? [24]. Butanethiol self-assembled mono-
layers were prepared by immersing the freshly prepared
substrates in 50 uM butanethiol ethanolic solutions for
24 h.

In all cases, the thiol-covered substrates were removed
from the solution, carefully rinsed with the solvent (ethanol
for planar and irregular gold surfaces and hexane for the Au
NP supported on HOPG) and finally dried under nitrogen to
be characterized by scanning tunneling microscopy (STM),
x-ray photoelectron microscopy (XPS) or by electrochemical
techniques.

STM imaging was made in the constant current mode in
air with a Nanoscope I1la microscope from Veeco Instruments
(Santa Barbara, CA). Commercial Pt-Ir tips were used,
which were insulated with Apiezon wax for ECSTM. Typical
tunneling currents and bias voltages were 300 pA, 800—
1000 mV for imaging butanethiol on Au(l11) and highly
irregular gold surfaces, and 25 pA, 1500 mV for AuNP
supported on HOPG.

XPS measurements were performed with a Mg Ko source
(1253.6 eV) from XR50, Specs GmbH and a hemispherical
electron energy analyzer from PHOIBOS 100, Specs GmbH.
Spectra were acquired with 10 eV pass energy and a Shirley
type background was subtracted to each region. A two-point
calibration of the energy scale was performed using sputtered
cleaned gold (Au 4f;, binding energy = 84.00 V) and copper
(Cu 2p;3),, binding energy = 933.67 eV) samples. C Is at
285 eV was used as charging reference. Electrodesorption
curves were performed in a conventional 3-electrode glass cell
filled with deareated 0.1 M NaOH aqueous solution. A high
area platinum foil and a saturated calomel electrode (SCE)
were used as counter and reference electrodes, respectively.

3. Thiol SAM structural aspects and thiol stability on
different gold substrates

3.1. Planar surfaces

Planar gold substrates for thiol self-assembly include single
crystals (commonly the (111) face) [25], and thin films
supported on glass, mica or silicon prepared by physical
vapor deposition (PVD), electrodeposition, or electroless
deposition. Annealing of the evaporated films results in smooth
polycrystalline films consisting of micrometer sized grains
with (111) preferential orientation, suitable for molecular
resolution using scanning tunneling microscopy (STM) or
atomic force microscopy (AFM) [2, 26]. SAM formation on
evaporated substrates or Au(111) single crystals takes place
after exposure of several hours, or even days, to alkanethiols
either in gas phase, by dosing the vapors in a vacuum chamber,
or in liquid phase, by immersing the substrates in pure
alkanethiol or in alkanethiol solutions [2, 8]. In the latter case,
solvents of different polarities are used, like ethanol (the most
important one), methanol, toluene and even water, depending
on the thiol terminal group.
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It has been reported that, for Au(l11) single crystals
and (111) preferred oriented flame annealed evaporated thin
films, the self-assembly process involves the lifting of the
well-known 22 x /3 herringbone reconstruction of the (111)
surface and the formation of different alkanethiol lattices that
evolve with adsorption time or thiol dose from lying down
monolayers (or ‘stripe’ phases) to stable and dense monolayers
of molecules in a near standing up configuration [26, 27].

Two different stable, dense surface structures have been
observed by several surface science techniques, either from
vapor or solution deposition: the /3 x ./3R30° lattice [28]
and its c(4 x 2) superlattices [4, 8, 29]. STM images taken for
butanethiol /3 x \/3R30° and c(4 x 2) superlattice domains on
a flame annealed evaporated polycrystalline gold substrate are
shown in figures 1(a) and (b). These and many others surface
structures of alkanethiols on Au(111) have been described in
several reviews [8, 9, 26]. Both structures have a surface
coverage € = 1/3 and distances of ~0.5 nm between nearest
neighbor molecules. Three angles (figure 1(c)) fully describe
the orientation of the thiol molecules for dense thiol SAMs on
Au(111): « (the tilt angle with respect to the surface normal),
B (the hydrocarbon chain twist angle) and yx (the precession
angle). For the simpler /3 x ,/3R30° lattice [28], « results in
30°, B is 40°-55° and yx is 15°.

In particular, different models have been proposed to
interpret the c(4 x 2) lattice, which propose different 8 values,
or distances between S heads smaller than 0.5 nm, among
others [30-32]. The /3 x 4/3R30° and c(4 x 2) lattices can
coexist on the Au substrate forming separate domains, and their
relative amount depends on the hydrocarbon chain length and
on the preparation conditions [26]. Also, it is important to note
that SAMs on flat gold terraces always present some defects,
like pinholes, or domain boundaries, which can be preferred
paths for charge transfer in aqueous solutions [33, 34].

Although these systems have been extensively studied,
there is still controversy about some fundamental structural
aspects.  First, there is disagreement about the preferred
adsorption site in the /3 x /3R30°: whereas most DFT
calculations propose fcc or bridge-fcc sites [35], some recent
experimental results have pointed that adsorption would occur
at on-top sites [36-38], Also, the position of the sulfur heads
in the c(4 x 2) lattice and the interpretation of the STM images
for these lattices is under debate [29-32]. Very recently, the
possibility of some sort of substrate reconstruction after the
lifting of the 22 x /3, either for the lying down phases [39], or
for the denser /3 x ,/3R30° and c(4 x 2) structures, has been
proposed [40, 41]. Certainly, structural aspects for thiol SAMs
on planar gold surfaces should be further investigated.

The thermodynamics of the adsorption process has also
been studied, although there are still some doubts about the
chemical reaction that takes place during the adsorption, both
in gas phase and in solution [2, 42]. Even if reaction

RSH + Au = RS — Au + 1H, (1)

is generally accepted for gas phase self-assembly, the
formation of H, has not been experimentally detected. In
aqueous solutions, water and other species could also be
formed. In any case, what is known from experimental data
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Figure 1. ((a) and (b)) STM images (top view) taken in air for a
butanethiol SAM on Au(111). (a) 8 x 8 nm?> STM image of the
/3 x /3R30° lattice. (b) 8 x 8 nm? STM image of the c(4 x 2)
lattice. (¢) Schemes showing thiol molecules on Au (lateral view)
and the three angles that define the thiol molecule orientation (o, 8
and y). (d) XPS S 2p signals for a butanethiolate-covered Au(111).
(upper) freshly prepared SAM, (lower) the same sample after a
two-week exposure to ambient conditions. The inset shows the
typical doublets of the S 2p components.

and from DFT calculations is that the Au—-S bond is strong
(~50 kcal mol ') [8].

On the other hand, XPS measurements give valuable
information about the chemical bonding of the S head to
the Au surface [43—45]. In fact, the S 2p core level region
for alkanethiol SAMs on a variety of metals can be fitted
with different components. Figure 1(d) upper shows the
XPS spectrum for a butanethiolate SAM on a flame annealed
evaporated Au(111) substrate recorded immediately after SAM
preparation. The 2ps3, peak can be fitted with two components,
with average binding energy values 162 and 163-164 eV, as
observed in figure 1(d). Spectra taken at higher resolution
(figure 1(d) inset) show that each component consists of a
doublet with spin—orbit splitting of 1.2 eV. The component at
162 eV is usually the most important one and is related to S
chemisorbed on the Au surface through a thiolate bond [46].
The minor component at 163-164 eV, corresponding to
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unbounded thiol (or thiols in multilayers) [43], is typical for
SAMs prepared from solution. This contribution decreases
after careful sample rinsing with the solvent. Sometimes a
third component at 161 eV is also observed, which has been
attributed to adsorbed sulfide, present as a contaminant in the
SAM [44, 46].

Recently, there has been much interest in the oxidative
chemistry of SAMs. It is known that SAMs are damaged by
secondary electrons, by x-rays (mainly due to photoelectrons),
and also by ions and neutrals [20, 47, 48]. Although in
general SAMs exhibit remarkable chemical stability, there has
been some concern about their possible oxidation by ozone
produced by UV irradiation [20], because of the drawback
this would represent for many alkanethiol SAM applications,
and also for the possible implications in nanophotolithography.
The mercaptan groups yield alkyl sulfinates and sulfonates
when exposed to strong oxidants like ozone.  Photo-
oxidation and photo-reduction have been observed in 8-
chlorooctyldisulfide SAMs adsorbed on Au [49]. Oxidation
at the Au/sulfur interface exposed to an ambient environment
of light and air was observed by XPS, but no evidence was
found for a similar sample kept in the dark with the exclusion
of air. Experimental evidence suggests that photo-oxidation
is mediated by the Au surface [50]. Although ozone has
been assigned as the main species responsible for the S head
oxidation in SAMs on metals [51], it has also been shown that
SAM oxidation on exposure to UV light sources can occur
in the absence of ozone [48]. Thus, while exposure to ozone
does cause oxidation, it is not a necessary condition for SAM
oxidation: hot electrons, formed by the absorption of photons
by electrons in the substrate, are the most likely oxidation
cause in this case.

The kinetics of oxidation varies depending on the
morphology of the underlying gold. It has been reported that
the rate of oxidation increases dramatically with the decrease
in the grain size and the decrease of the amount of Au(111)
on the surface [20], suggesting that thiol oxidation could be
enhanced at interfacial grain boundaries of the Au films.

Degradation of the SAMs in ambient conditions by
oxidation can be followed in time by XPS. In fact,
S 2p components that correspond to weakly adsorbed alkyl
sulfonates and other oxidized sulfur species resulting from the
oxidation of the sulfur head are detected at binding energies
>167 eV [20, 52].

The S 2p signal for the freshly prepared butanethiol SAM
shown in figure 1(d) (upper) indicates a small amount of
oxidized S species. However, the same SAM, after a two-
week exposure to air in ambient conditions (room temperature
and artificial light), shows a significant increase in the S 2p
signal related to oxidized S species (figure 1(d), lower). This
is a clear evidence of SAM degradation for planar preferred
oriented Au(111) substrates.

3.2. Curved surfaces: nanoparticles

Gold nanoparticles (AuNP), and small metallic clusters in
general, have been much studied in the last years because of
their many potential applications and also because, as the NP

size becomes smaller, some very interesting physical properties
appear, due to quantum size and surface effects, which can
be very different from those of the bulk metals [53, 54].
In fact, these nanostructures exhibit interesting properties,
such as magnetism [55, 56], novel surface reactivity [57],
and electromagnetic energy localization as seen in plasmon
absorption spectra [54], some of which can be attributed to
quantum size effects.

There are several methods for AuNP preparation, like the
old Turkevich procedure using citrate, the Brust method for
thiol-capped NP, and others using hydrosols, polymers (like
PVD), etc [10, 15, 58-60]. In all cases the average size of the
NP can be controlled by changing the ratio of reducing agent
to gold salt, or the temperature, among other variables.

In the Brust method (and others related) alkanethiols
play a crucial role during the synthesis of AuNP, by
reducing their growth rate and stabilizing them against
aggregation [2, 59]. Thiols have been widely used as
molecular anchors to functionalize metal NP with different
kinds of molecules, biomolecules and nanostructures, by
simply choosing an appropriate terminal group [16] and
using different immobilization methods (covalent attachment,
physisorption, etc). Therefore, thiol capping of nanoparticles
has a double function. Moreover, the S—Au bond of thiol-
capped nanoparticles has been associated to some unique
physical properties of these nanostructures, like permanent
magnetism, which is not found for AuNP with similar size but
stabilized by means of a surfactant, or for bulk Au [61].

AuNP formed in the presence of alkanethiols adopt a
quasi-spherical shape because they have similar affinities for
the low-index crystal faces [62], so that thiols are not suitable to
synthesize nanostructures like nanoprisms or nanorods. AuNP
larger than 0.8 nm are believed to have a truncated octahedral
or cubo-octahedral shape, depending on the number of gold
atoms in the core, with (111) faces truncated by smaller (100)
faces [62], and, hence SAMs on AuNP can be, in principle,
compared with those on planar gold surfaces.

Figure 2(a) shows an STM image of the butanethiol-
capped AuNP supported on a highly oriented pyrolytic
graphite substrate, while figure 2(b) shows a scheme of these
nanoparticles on the substrate. The AuNP were adsorbed on
the substrate by immersion in 0.3 mg ml~! AuNP-containing
hexane solution for 30 min. While the Au core of these NP is
2.9 nm, the NP size including the butanethiol cap is ~4 nm.

For NP with Au cores smaller than 5 nm, a great number
of atoms are located at the nanoparticle surface. The number
of surface atoms and the curvature decrease sharply as the NP
size increases, reaching bulk properties for sizes larger than
10 nm. A large number of Au surface atoms are located at
corners and edges of NP: in fact, for NP 1-2 nm in size 45%
of all surface atoms are located at these defective sites [2, 62].
The greater concentration of atoms at surface defects and the
high radius of curvature of the cluster allow a larger proportion
of the Au atoms to be on the cluster surface, which in turn
results in a greater coverage of the thiol monolayer on the
surface [63-66]. EXAFS data suggest that NP smaller than
5 nm have almost twice S (¢ = 2/3) as found on planar
surfaces (6 = 1/3) [63, 64]. XPS data (figure 2(c) upper) for
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Figure 2. (a) 114 x 114 nm?> STM image of butanethiol-capped
AuNPs 2.9 nm core in size adsorbed on HOPG, (b) scheme showing
the thiol-capped AuNP on the substrate. (c) XPS S 2p signals for the
freshly (upper) and aged in air (lower) AuNP on HOPG.

carefully cleaned butanethiol-capped AuNP (2.9 nm core size)
adsorbed from hexane on graphite are consistent with these
observations. Also in this case the S 2p signal can be fitted with
two components at 162.5 and 163-164 eV, corresponding to
chemisorbed S as a thiolate and unbounded thiols, respectively.
Again, chemisorbed thiolates dominate the spectrum, while
only a trace of unbounded thiols is observed. An estimation
of the amount of chemisorbed S, taking into account the S/Au
ratio and the attenuation factor, yields larger thiol coverage for
AuNP than for planar Au.

A large amount of unbounded molecules has been ob-
served by XANES on AuNP covered by long alkanethiols [63].
Actually, a consequence of the high curvature radius is the de-
crease in the chain density as one moves away from the NP
surface. The open outer structure enhances interdigitation with
chains of free thiols. Careful cleaning of the NP with hexane or
ethanol results in the decrease of the 163—164 eV component
in the XPS spectra.

Moreover, as observed for planar surfaces, a long-time
exposure to air (two weeks) of the AuNP supported on HOPG
results in a significant increase in the amount of oxidized S
species that appear at binding energies >167 eV (figure 2(c)).
It should be noted that this degradation takes place when
supported on the HOPG surface. In fact, the two week time
refers to the time period when the AuNP were exposed to
ambient conditions on the HOPG surface. On the other hand,
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Figure 3. (a) 620 x 620 nm?> STM image (3D view) of a
butanethiol-covered nanostructured high area Au surface. The
average grain size is 12 nm. (b) Scheme showing the structure of the
thiol-covered nanostructured substrate (lateral view). (c) XPS S 2p
signals for a butanethiol-covered nanostructured high area Au
substrate. Upper: freshly prepared SAM; lower: the same sample
after two-week exposure to ambient conditions.

AuNPs kept in hexane or as a dry powder exhibit no oxidation
signals for long periods of time (they can be stored for months).

3.3. Irregular surfaces: nanostructured high area Au layers

Irregular high area metallic surfaces can be prepared by
physical, chemical and electrochemical methods [24]. In
particular, nanostructured high area Au layers can be easily
prepared by fast electroreduction of thick hydrous AuO
produced by anodization of polycrystalline Au in acid medium
(see section 2). The resulting surfaces consist of nanosized
grains and pores of micrometric depth, as shown in figures 3(a)
and (b).

An accurate way to estimate the total amount of
chemisorbed thiol species in these complex surfaces is by
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Figure 4. (a) Current density (j) versus potential (E) curves
recorded at 0.05 V s~! for butanethiol SAMs on planar (dashed line)
and nanostructured high area Au substrates (solid line), with j
referred to the geometric substrate area. The current peaks
correspond to thiol desorption. (b) E,, versus n plots for thiol SAMs
on different substrates. (M) planar gold, (x) gold nanoparticles,

(A) nanostructured high area gold.

desorbing the thiol in alkaline solutions by means of linear
voltammetry [19]. On the other hand, XPS can only give
information of a thin 2-3 nm layer in the outer part of the
porous Au with a thickness in the micrometer range.

Figure 4(a) shows typical electrodesorption (j/E) curves
in a 0.1 M NaOH aqueous solution for butanethiol-covered
planar and nanostructured high area Au. The current peaks in
the curves are related to the reductive desorption of thiols from
the Au substrates, according to reaction [67, 68]

RS — Au+e=RS™ + Au. )

The charge density (¢), measured by integration of the
current peaks shown in figure 4(a) and referred to the real
surface area, yields 75 & 8 uC cm™2, a result that corresponds
to & &~ 1/3 for both planar and irregular surfaces [19].
Therefore, neither excluded volume effects (that would result
in a decrease in ¢), nor curvature effects (that would result in
an increase in ¢) are significant for thiols on these irregular
surfaces.

XPS data show that thiols are also chemisorbed on these
highly irregular surfaces (S 2p3,» component at 162 eV)
(figure 3(c) upper). The S/Au ratio is 80% higher than on
planar surfaces, i.e. more S is detected by XPS on the irregular
surfaces, due to the volume sampled by the photoelectrons. We
also observe only traces of SAM degradation to yield oxidized
S species (figure 3(c), lower). Contrary to other reported results
for polycrystalline gold surfaces (yet not nanoporous) [20], we
have found an enhanced stability in air of the SAMs on these
complex nanostructured substrates, as compared to planar gold
substrates and to AuNP. In fact, a comparison of the XPS
data for the different substrates (see figures 1(c), 2(c), 3(c))
indicates that the oxidation rate in air increases in the following

order: irregular gold < planar gold &~ supported nanoparticles.
This is an interesting result that deserves further investigation
and that could open new insight for the long-time applications
of thiol SAMs on gold. In fact, SAM degradation in ambient
conditions is one of the most important drawbacks for the use
of these organic films for some nanotechnological applications.

It should be mentioned that, as in the case of AuNP, the
formation of a thiol SAM can stabilize the nanostructured
system [19]. Actually, after their preparation, the irregular Au
deposits decrease their surface area in order to decrease their
surface free energy following a r o ¢~ relationship, where
t is time and r is the radius of the nanoparticle [69]. This
process, which results in grain growth from the nanoscale to
the microscale, is produced by mass transport of Au adatoms
from smaller to larger grains. Adsorbed alkanethiols hinder the
surface diffusion of Au adatoms by thiol-substrate and thiol—
thiol interactions, and allow the Au nanostructures to almost
keep their initial surface area.

3.4. Comparison of the stability of thiol molecules in aqueous
media on the different gold surfaces

The peak potential (E},) of the j/E curves shown in figure 4(a)
gives information about the stability of thiol molecules on the
Au substrates in aqueous environments [67, 68]. Thiol stability
in aqueous environments is crucial for many applications
in material and biological sciences. It is well known that
thiols desorb from metallic electrodes and that the desorption
potential becomes more negative as the number of C atoms
(n) increases, due to the stabilizing effect of van der Waals
interactions and also to hydrophobic forces. In figure 4(b)
we have plotted E, versus n for thiol SAMs on planar Au
substrates, AuNP, and nanostructured high area surfaces. As
expected, E, moves toward more negative values as the length
of the thiol hydrocarbon chain is increased, irrespective of the
type of substrate structure. The slopes of the E}, versus n plots
are 3 and 2.5 kJ mol~! per C atom of the hydrocarbon chain
for planar substrates, and for the nanocurved and irregular
Au substrates, respectively. These values suggest that the
irregular nature of the substrate surface does not introduce
significant differences in the intermolecular forces acting at
SAMs. The slight decrease could be assigned to the disorder
introduced by the curved and irregular substrates on the SAM,
which precludes the optimization of the hydrocarbon chain—
hydrocarbon chain interactions. Figure 4(b) also reveals that,
for the same thiol, electrodesorption from the irregular and
nanocurved surfaces takes place at more negative potential
values, i.e. more energy is needed to remove thiols from these
surfaces than from planar surfaces. We can speculate that
the large number of non-coordinated sites of the defective
surfaces allows a stronger chemisorption of the S head to the
Au surface, resulting in a shift of the peak potential to more
negative values [23, 70]. In fact, in situ STM images have
shown that, after S [71] and thiol [72] electrodesorption from
terraces occurs, S species still remain adsorbed at step edges of
the Au(111) surfaces.
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4. Conclusions

Thiol SAMs on surfaces of nanoparticles smaller than 10 nm
(like thiol-capped AuNP) present features different to those
of planar gold substrates due to curvature effects and to
the large density of substrate defects. These facts result
in a higher surface coverage and stronger thiol-substrate
adsorption than for planar gold surfaces.  For porous
nanostructured surfaces with particle sizes >10 nm, the large
defect density also results in stronger thiol-substrate bonds but
a similar surface coverage, since curvature effects vanish in
this scale. The stability against air of thiols chemisorbed on
irregular nanostructured Au is increased with respect to planar
Au surfaces and AuNP. Therefore, high area nanostructured
Au surfaces can be promising platforms for the preparation of
dense and stable SAMs in air or in electrolyte solutions.
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