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Abstract 

A review article on fundamental aspects of thiolate self-15 

assembled monolayers (SAMs) on the (111) and (100) surfaces of 
the Cu and Ni groups is presented. In particular this work is 
focused on two important points that remain poorly understood in 
most of these metals: the chemistry of the S-metal interface, 
which strongly depends on the nature of the metallic surface, and 20 

the role of the interaction forces that not only guide the self-
assembly process but also influence the surface structure of 
SAMs. In addition to recent experimental and theoretical data on 
these issues we present new density functional calculations 
including van der Waals forces for an important number of 25 

known thiolate surface structures as a function of the 
hydrocarbon chain length.  

1. Introduction 

Self-assembly is one of the most important concepts of the 21st 
century. In fact, self-assembly is the construction of systems 30 

without guidance from external sources other than that provided 
by the environment.1 Self-assembled monolayers (SAMs) are 
examples of intermolecular self-assembly that takes places at gas-
liquid, gas-solid, and liquid-solid interfaces.2 Solid surfaces of 
metals, semiconductors and oxides with different topographies 35 

can be used as scaffolds for the construction of these 
supramolecular systems through the adsorption of different 
molecules.3 These SAMs are two-dimensional molecular 
structures, usually with thickness between 1 and 3 nm, which can 
be precisely tuned by the molecular dimension and arrangement 40 

on the surface.  
In a typical SAM, molecules are bonded to the solid substrate by 
a reactive head that provides a strong molecule-substrate link to 
the system.3, 4 On the other hand, van der Waals forces between 
molecules stabilize the supramolecular assembly introducing 45 

long-range or short-range ordering, depending both on the 
molecule and on the substrate.3, 4 The molecular terminal group 
provides chemical functionality to the SAM and can be used to 

tailor the physical chemistry of the solid surface. The interest in 
surface-confined molecular assemblies arises from their potential 50 

to combine and manipulate topological, chemical and functional 
features that are essential for a wide variety of technological 
applications such as microanalysis, biotechnology, 
nanofabrication or corrosion protection, among others.  
SAMs of thiol molecules (RSH) on metal surfaces are the 55 

fundamental building blocks for creating complex structures by 
the so-called “bottom-up” approach. These SAMs can be easily 
prepared by using thiols (either aliphatic or aromatic), 
alkyldisulfides, dialkylsulfides3, 4, alkylthiosulfates5, organic 
xanthates6, and alkylthiocyanates 7 on single-crystal, rough or 60 

nanoparticle (NP) surfaces of clean metals,8 both from gas phase 
and liquid-phase adsorption. This is an interesting point, as 
solution-processable organic molecules have advantages over 
those deposited from gas phase since they involve a low cost, 
allow mass production, processability at lower temperatures, and 65 

can be arranged over large substrate areas.9 Thiol SAMs can be 
studied using a large variety of surface characterization 
techniques, as discussed in Ref.8  
Some aspects of the thiolate-metal systems are today well 
established.3 It is well known that thiols adsorb at room 70 

temperature forming a strong thiolate-metal bond (RS-Me) 
following dissociation of the S-H bond, which spontaneously 
occurs on all clean metal surfaces. The H atom produced by this 
reaction can be adsorbed or eliminated from the metal surface 
forming H2, depending on the H atom-metal surface interaction. 75 

The exception is methanethiol (MT), which remains intact after 
adsorption; therefore, dimethydisulfide ([(CH3S)2], DMDS) is 
used to form MT monolayers. Adsorbed thiolates form  lying-
down (LD) or standing-up (SU) arrangements depending on the 
concentration (liquid- phase adsorption) or doses (gas-phase 80 

adsorption) used in the self-assembly process.4 If the LD 
configuration is preferred, a transition to denser SU arrangement 
is usually observed as the thiol concentration/dose or adsorption 
time increases. This transition is driven by the energy gain 
resulting from an increased number of thiolates (this is more 85 

evident for large molecules) and by van der Waals (vdW) 
interactions among adjacent adsorbed molecules. The interplay 
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between long-range vdW thiol species and molecule-substrate 
interactions in dense phases determines the tilt angle (α) of the 
thiol with respect to the substrate normal, as already discussed in 
the pioneer work of Allara et al.10 For large molecules vdW 
interactions prevail, and α varies from 0 to 37° depending on the 5 

metal surface. In contrast, for smaller thiols, vdW molecule-
substrate interactions are also important and α values increase (in 
some cases to values > 50°). 
 

Table 1. List of some important acronyms used in the text 10 

A Unit cell area 
AES Auger Electron Spectroscopy 
BE Binding Energy (XPS) 
BT Butanethiol 
d nearest-neighbor distances 
DMDS Dimethydisulfide 
DOS Density of states 
DFT Density Functional Theory 
DT Dodecanethiol 
Eb Binding energy (DFT) 
Er Reconstruction energy (DFT) 
ET Ethanethiol 
GIXRD Grazing incidence X-ray diffraction 
HDT Hexadecanethiol 
HOMO Highest Occupied Molecular 

Orbital 
HT Hexanethiol 
LD Lying-Down 
IR Infrared spectroscopy 
LEED Low Energy Electron Diffraction 
LED Light Emitting Diode 
LUMO Lowest Occupied Molecular Orbital 
MBA Mercaptobenzoic acid 
MT Methanethiol 
n Number of C atoms 
NC Nanocluster 
NP Nanoparticle 
NT Nonanethiol 
Nt Number of thiolates in the unit cell 
OT Octanethiol 
PDOS Projected Density of States 
PET Phenylethanethiol 
PT Propanethiol 
qBader Bader charge 
SAM Self Assembled Monolayer 
SERS Surface Enhanced Raman 

Spectroscopy 
STM Scanning Tunneling Microscopy 
SU Standing-Up 
TEM Transmission Electron Microscopy 
TMA Thiomalic acid 
UHV Ultra High Vacuum 
vdW van der Waals  
XAFS X-ray Absorption Fine Structure 
XPS X- ray Photoelectron Spectroscopy 
XRD X- ray Diffraction 
α Tilt angle 
γ Surface free energy 
φ Work function 
µ Surface dipole 
θ Thiolate surface coverage 

 
The experimentally measured maximum thiolate surface coverage 
(θ) in these dense phases ranges from 1/3 to ½ on the (111) and 
(100) surfaces, respectively, but can reach θ ≈ 2/3 on NP surfaces 
due to curvature effects.11 The strong RS-Me bond provides an 15 

efficient anchor of the molecules to the metal substrates. 

However, other sulfur species are often present in thiolate SAMs 
such as adsorbed sulfide, disulfides, non-bonded thiols, and 
oxidized thiol species such as sulfonates.3, 4, 6-9, 12, 13  
Thiol chemisorption (as thiolates) on metal surfaces results in a 20 

decrease of the corresponding work function (φ) with respect to 
the clean metal (∆φ). Charge transfer from the metal to the S-head 
atom of the thiol molecule generates an interfacial dipole (µ) that 
changes with the nature of the metal while is nearly independent 
for alkanethiolates. The molecular dipoles can be tuned by 25 

introducing atoms such as fluorine in the terminal group. Also, 
the surface chemistry of SAMs can be changed using 
hydrophobic (-CH3, -CF3) or hydrophilic (-COOH, -NH2) 
terminal groups. This allows the control of surface properties 
related to wettability, friction, lubrication, corrosion behavior, 30 

protein adsorption and bacterial adhesion, among others. The 
terminal groups of the thiol molecules have also been employed 
to capture and sense different molecules and make organic 
reactions in two dimensions for building complex and stable 
three-dimensional molecular structures. 35 

Despite the great amount of information on thiol SAMs on metals 
some fundamental topics are far from being completely 
understood, such as the precise atomic level details of the 
structures at the thiol-metal interface and the variables that 
control them, which include both the S-head-substrate interaction 40 

and van der Waals forces among organic molecules. In particular, 
for most of the metals studied here, the thiol/metal interface 
continues to be modeled using thiyl radicals (RS•) adsorbed on 
metal surfaces without considering substrate reconstructions and 
the complex surface chemistry reported in the last years. The 45 

knowledge of these topics is the starting point to make reliable 
evaluations on optical properties and electron transport across the 
organic layer, both important for the design of thiolate-based 
devices.14-17 Moreover, the understanding of the chemistry and 
structure of thiolates on NP surfaces is also crucial as they are 50 

widely used in different technological fields. Thermodynamic 
considerations have shown that NPs exhibit mainly (111) and 
(100) faces and thus thiol self-assembly on these metallic planes 
needs to be considered.18 Although recent efforts have been made 
to evaluate the possible reconstruction of the NP surface and 55 

metal-thiolate complex formation11 other works still continue to 
model the thiolate-metal interaction simply as adsorbates on an 
unreconstructed metal surface.18, 19  
In this work we outline fundamental aspects of thiolate SAMs on 
the (111) and (100) faces of Au, Ag, Cu, Pt, Pd and Ni. We 60 

briefly review SAM applications, chemical reactions of thiol 
molecules, and the structure of the stable dense phases on these 
surfaces. Two aspects that remain controversial are particularly 
analyzed: the S-metal chemistry and the role of intermolecular 
forces on the surface structure. We have based this contribution 65 

mainly on scanning tunneling microscopy (STM), X-ray 
photoelectron spectroscopy (XPS), and density functional theory 
(DFT) data which, despite their limitations20, still remain as the 
most powerful tools to study these aspects of self-assembled 
monolayers on surfaces.21  70 

In particular, we present new DFT calculations for a large 
number of surface structures experimentally observed at 
saturation coverage on these metals using the periodic plane-
wave basis set code VASP 5.2.12.22, 23 We have followed the 
scheme of nonlocal functional proposed by Dion et al.,24, 25and  75 

the optimized exchange implementation optB88-vdW 25 in order 
to introduce the vdW interactions in these calculations. This 
functional yields indeed a reasonable good agreement between 
experimental and calculated data for different systems.26, 27 
Nowadays there are a large number of papers that use DFT to 80 

study alkanethiol adsorption on metals, although most of them28-
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30 do not include vdW, with the exception of a few papers where 
the dispersion interactions have been applied with different 
approaches31,32,33. We expect that the good agreement between 
experimental results and the calculations supports the theoretical 
benchmark applied in our study. With this calculation approach 5 

we analyze the impact of the dispersion forces on the stability of 
the different surface structures for different alkanethiols 
molecules with lengths up to as the size of octanethiol. 
The information presented here should also be of interest to better 
understand several aspects of thiol-covered surfaces such as 10 

electrochemical behavior, tunneling across SAMs, and the 
relationship between thiolate-covered surfaces and thiolate-
protected metal clusters, topics that are not the focus of the 
present work. 

2. Thiolate SAMs on Metals 15 

2.1.Gold  

Gold is an interesting material due to its chemical stability, 
surface chemistry, biocompatibility, and unique optical properties 
that are associated with a convenient range of processing 
technologies. Oxide-free, clean, flat Au surfaces can be easily 20 

modified by thiols not only in gas phase but also in liquid media 
under ambient conditions. These features have led to the use of 
thiolate SAMs on gold in many applications, particularly in 
biological systems, such as fluorescent biological detection of 
pathogens and proteins, and immunoassays. Also, thiol SAMs on 25 

planar Au surfaces have been used as building blocks for the 
fabrication of sensing,34 electronic35,36 and optical-light 
responsive devices. In particular, nanostructured Au has been 
used to prepare SERS active surfaces for chemical and 
biochemical sensing and devices that can be switched by light. 30 

Also, polycrystalline gold films coated with thiol-based SAMs 
form the basis of a wide range of nanomechanical sensor 
platforms37 in which detection of adsorbates relies on the 
transmission of mechanical forces mediated by chemically 
derived stress at the SAM-Au interface.  35 

On the other hand, thiolate-protected AuNPs can be regarded as 
assemblies of gold thiolates (RS-Au) on a metallic core that acts 
as a templating device. These have also been widely explored in 
the last decades due to their promising applications in biology, 
medicine (therapy, diagnostics and imaging), catalysis, photonics, 40 

and electronics.38-41  

Surface structures and chemistry 

STM data have shown that self-assembly of thiols on Au(111) 
from gas phase initially involves the formation of disordered gas-
like adsorbates, followed by the formation of LD surface 45 

structures with molecular axes parallel to the substrate (Figure 
1a).4,42 These lattices, known as striped phases, have a thiol 
surface coverage θ  < 1/3, and can be in general described as 
p×√3, where p is an integer.43 Several ordered LD phases have 
been described.44, 45 Two of these can be observed in Fig 1a: the β 50 

lattice with molecules completely confined to the surface plane in 
adjacent rows arranged in a head-head/ tail-tail configuration and 
the δ phase that would correspond to alkyl chains in adjacent 
rows with an out-of-plane interdigitated configuration.44 These 
lattices usually coexist with domains of a disordered liquid-like 55 

phase (ε) (Fig 1a). High resolution STM images have revealed 
that at low coverage the thiolate species adsorbed on the Au(111) 
surface are thiol-Au adatom (Auad) gold complexes (RS-Auad-
SR),46 where the Au adatoms are provided by the lifting of the 
stable 22×√3 surface reconstruction (the herringbone pattern) 60 

induced by thiol adsorption. Indeed, the 22×√3 structure shows 

significant compressibility, leading to the ejection of Au atoms47 
that have a tendency to form linear S–Auad–S ‘staple’ 
arrangements.48 When the dose/concentration or incubation time 
is increased, a phase transition occurs from the LD structure to 65 

dense phases of SU molecules.49 This transition is driven by the 
possibility of increasing the number of thiolate bonds (this is 
particularly true for alkanethiols with a number of C atoms n > 4) 
and vdW interactions among the hydrocarbon chains. In self-
assembly from solution the system usually evolves directly to the 70 

SU phases. In these cases, as in Fig 1a, LD phases can be 
prepared by partial desorption of the dense structures in the liquid 
phase by thermal or electrochemical controlled desorption.4, 50  
 

 75 

Figure 1. a) Coexisting HT LD phases (β, δ, ε) on Au(111). A 
scheme of the ordered LD phases is also shown. b) Domains of 
the HT “zigzag” c(4×2) and (√3×√3)R30° lattices. c) XPS S 2p of 
a DT SAM on Au(111). S2 and S3 correspond to thiolates and 
free non-bonded thiols, respectively. d) XPS S 2p of a DT-80 

protected AuNP. S2, S3, and S1 correspond to thiolates, free 
thiol, and atomic S, respectively. The S1 component has also been 
assigned to thiolates on other adsorption sites and to adsorbed 
disulfides, as discussed in the text. 

On the other hand, SU phases on the Au(111) surface exhibit 85 

thiol-thiol nearest-neighbor distances d = 0.499 nm, θ = 1/3 
(Figure 1b), and bear strong covalent thiolate bonds, 
characterized by the XPS S 2p peak at BE ≈162 eV (S2 
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component in Figure 1c). 1, 3, 42, 51, 52 Small amounts of free (non-
bonded) thiols trapped in the SAM can also be detected (S3 
component at BE ≈163 eV in Figure 1c).  
Van der Waals forces are also important in SAM stability, adding 
≈ 0.1 eV per C atom and aligning the alkyl chains parallel to each 5 

other in a nearly all-trans configuration. Since the optimal 
distance between alkane chains is around 0.43 nm rather than d = 
0.5 nm, the tilt angle results in α ≈ 26-37° 10,53,54 to optimize the 
vdW forces. Exceptions are small thiol molecules that can exhibit 
α ≈ 50-60° 55 due to molecule-substrate interactions. The chain 10 

order is usually analyzed by infrared spectroscopy (IR) by 
considering the CH2 stretching vibrations of the alkyl chain, 
which are sensitive to packing density and to the presence of 
gauche defects.10 In particular, the antisymmetric CH2 stretching 
vibration (d-) at ≈ 2918 cm-1 and ≈ 2926 cm-1 indicate high 15 

quality and heavily disordered SAMs, respectively.  
Different surface structures have been observed depending on the 
hydrocarbon chain length.56 Thus, MT (n = 1), ethanethiol (ET, n 
= 2), and propanethiol (PT n =3), for which vdW forces are 
relatively weak, organize in (3×4) lattices formed by the RS-20 

Auad-SR complexes in a trans-configuration (Figure 2a,a´).57 On 
the other hand, for n > 3 alkanethiols organize in c(4×2) lattices, 
better described as (3×2√3)57 (Figure 1b), where RS-Auad-SR 
complexes are in a cis-configuration (Figure 2b,b´), and with an 
orthorhombic packing structure.58 The surface coverage by RS-25 

Auad-SR species (θ  = 0.33) requires θad ≈ 0.165 which could be 
mainly provided by step edges or by the uptake of Au surface 
atoms at terraces, depending on the location of thiolate 
adsorption. This process leads to single vacancies that later 
coalesce to form vacancy islands at terraces or diffuse to yield 30 

serrated-like steps. However, as the hydrocarbon chain length is 
further increased, a (√3×√3)R30° surface structure (Figure 1b) is 
observed with a packing structure that has been also described as 
monoclinic.58 Also, STM and grazing incidence X-ray diffraction 
(GIRXD) data indicate that the (√3×√3)R30°/c(4×2) surface 35 

coverage ratio increases with n.53, 59 
 

 
 
 40 

Figure 2. Top view schemes of the surface structures optimized 
by DFT calculations. a) MT (3×4) Au(111) R, b) BT c(4×2) 

Au(111)R c) (√3×√3)R30° Au(111) U  d) c(2×2) Au(100) U. a´-
d´) Lateral view of the lattices shown in (a-d). e) DOS of clean 
Au(111, BT c(4×2) Au(111)R and PDOS of adsorbed BT f) PDOS 45 

of topmost surface Au d and sp states, Auad d states and S sp 
states corresponding to BT c(4×2) Au(111)R. The Fermi level is 
aligned at the origin of the energy scale. g) γ  values 
corresponding to c(4x2) with the staple motifs (R) and for the 
(√3×√3)R30° on Au(111)(U) for BT, hexanethiol (HT) and 50 

octanethiol (OT).  
Table 2 

Geometric and energetic parameters for the different Au surface 
structure models discussed in the text and figures 

 55 

Surface 
structure 

Er/N Eb/eV γγγγ/eV.Å-2 
qBader/e 

αααα/°°°° 
M S 

(111)R 
(3×4)-MT 
Figure 2a 

+0.51 -2.92 -0.120 
+0.14* 

0.00 -0.16 67.3 

(111)R 
c(4×2)-BT 
Figure 2b 

+0.52 -3.28 -0.123 
+0.14* 

0.00 -0.18 34.4 

(111)R 
c(4×2)-HT 

+0.52 -3.49 -0.132 
+0.15* 

0.00 -0.18 32.2 

(111)R 
c(4×2)-OT 

+0.58 -3.68 -0.138 
+0.15* 

0.00 -0.18 32.8 

(111)U 
(√3×√3)R30º-

MT 
0 -2.19 -0.098 +0.05 -0.23 56.4 

(111)U 
(√3×√3)R30º 

BT 
Figure 2c 

0 -2.44 -0.109 +0.03 -0.20 29.1 

(111)U 
(√3×√3)R30º 

HT  
0 -2.67 -0.119 +0.03 -0.19 26.4 

(111)U 
(√3×√3)R30º 

OT 
0 -2.88 -0.128 +0.03 -0.19 24.5 

(100)U 
c(2×2)-BT 
Figure 2d 

0 -2.84 -0.164 +0.06 -0.17 23.8 

* Au adatom 

While the presence of RS-Auad-SR moieties has been confirmed 
for (3×4) and c(4×2), the nature of the thiolate species forming 
the (√3×√3)R30° lattice remains controversial.4 In fact, RS-Auad 
complexes are compatible with the (√3×√3)R30° lattice, but this 60 

exhibits lower stability in terms of the surface free energy γ = 
(Nt/A) [Eb+Er/Nt] (where Nt is the number of thiol molecules in 
the unit cell, A is the unit cell area, Eb and Er are the binding and 
the surface reconstruction energies, respectively) than a 
(√3×√3)R30° lattice formed by simple RS• adsorbates on the 65 

unreconstructed (U) Au(111) surface (Figure 2c,c´) 4. In order to 
solve this problem it has been proposed that the (√3×√3)R30° 
thiol lattice observed by STM is due to the terminal methyl group 
arrangement3 while the thiolate-Au species are organized in a 
c(4×2) lattice.57 Also, it has been suggested that STM imaging 70 

under non optimal conditions is responsible for the observation of 
the (√3×√3)R30° pattern for terphenylthiolate SAMs on 
Au(111).60 However, these explanations cannot account for the 
coexistence of (√3×√3)R30° and c(4×2) lattice domains for the 
same thiol, and in the same STM image, taken under the same 75 

tunnelling conditions, as shown in Figure 1b.  
We note that the difference in surface stability between the 
c(4×2) with staple motifs (R surface) and the (√3×√3)R30° with 
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RS• adsorbates (U surface) decreases as n is increased (Figure 
2g). One could thus speculate that long alkanethiols, usually 
prepared from the liquid phase, and for which LD phases are 
seldom formed, adsorb on Au(111) as RS• species adopting the 
(√3×√3) R30° U lattice structure. This arrangement would allow 5 

a better optimization of vdW interactions for longer hydrocarbon 
chains than in the c(4×2) staple lattice. In fact, we observe that 
accommodation of the longer alkyl chains into the c(4×2) staple 
lattice shifts the Au surface atoms to slightly more unfavourable 
positions, a fact that is reflected in a small increase in Er. 10 

Evidence about changes in the hydrocarbon chain configuration 
with n has been given by broad-bandwidth sum frequency 
generation spectroscopy indicating that α decreases from 34° 
(short chains) to 30° (long chains).61 This is not surprising, as 
crystalline monolayers of long hydrocarbon chains exhibit 0° <α 15 

< 25°.62 Presumably, as vdW interactions decrease, Au-S 
interactions prevail and the molecules become more tilted.  
Therefore, results in Figure 2g could explain the increase in the 
(√3×√3)R30°/c(4×2) ratio with n.53, 59 However, simple RS• 
adsorption on the U Au(111) substrate cannot explain vacancy 20 

island coverage θvac ≈ 0.12-0.14 observed for SAMs of longer 
thiols such as dodecanethiol (DT) for which (√3×√3)R30° largely 
dominates. Also, this θvac value is close to that originated by the 
RS-Auad-SR moieties.4 Vacancies have been previously assigned 
to thiol etching 63 or ejection of Au surface atoms resulting from 25 

shrinkage of the substrate surface during self-assembly.64 As for 
AuNPs, it has been found that there is a relative contraction of 
facets and expansion of the curved surface regions in contact with 
SAM-forming thiolate ligands.65 There are other interesting 
experimental observations that deserve attention. Thiols with 30 

functional terminal groups distinct from alkyl, such as thiomalic 
acid (TMA)66, and small aromatic thiols such as mercaptobenzoic 
acid (MBA),67 and 6-mercaptopurine68 form diluted and ordered 
SAMs with surface coverage 0.2 <θ < 0.25, thus smaller than θ = 
0.33 observed for alkanethiolates or biphenyl thiols.42 35 

Interestingly, for small aromatic thiols, vacancy islands, which 
are evidence for surface reconstruction and RS-Auad-SR 
formation at atomically smooth terraces, are absent.  
Models containing RS-Auad-SR moieties have a larger stability 
than those involving RS• adsorbates on the U Au(111) surface, as 40 

shown by comparing the γ values in Table 2. The staple stability 
arises from surface Au sites that contain single Au-S 
coordination, anchoring the staple units to the substrate, and some 
Au-Au coordination. Also, staple sites contain double Au-S 
coordination as well as long-range “aurophilic” Au-Au 45 

coordination between the staple and the Au substrate .69  
It is well known that the relativistic effects in Au are important to 
understand the interactions with the adsorbates. This effect 
induces a contraction of s and p shells and a slight expansion of d 
shell so that the 6s-5d separation decreases. This feature can be 50 

observed in Fig. 2f where the d and sp states of Au adatom 
hybridize effectively with sp states of S atom. Also the analysis 
of the PDOS of Au (Figure 2e-f) gives interesting information 
about the staple bonding to the Au(111) surface. In fact, the d-
PDOS of the Auad in the “staple” is narrow compared to the 55 

topmost Au surface atoms (Figure 2f) indicating its molecular 
behavior (or nonmetallic bonding nature). In comparison, the 
topmost Au surface atoms show significantly wider d-PDOS, 
very similar to the d-PDOS of the clean Au surface atoms (Figure 
2e) and consistent with their metallic behavior. Figure 2f also 60 

shows that S-Au bonding involves S sp and Au 6s and 5d states. 
Evidence of the bonding in Fig 2f is the broadening of the 
electronic states of the adsorbed BT, especially in the region -1.2/ 
-7.5 eV. Nevertheless, gold has the most extended d states, the 

largest V2
ad (square of the adsorbate-metal d coupling matrix 65 

element) and therefore the largest Pauli repulsion.70 Because of 
that, BT has a lower Eb on gold than on silver and copper. 
The S-Au bond is important to understand the electronic 
properties. Scanning tunneling spectroscopy data of 
octanethiolate (OT) SAMs with c(4×2) and (√3×√3)R30° 70 

domains have shown that electronic states originated in the 
covalent bond between the S-head and the Au(111) substrate (≈-
2, +2 eV) contribute to the electrical conduction in the tunneling 
junction at low bias voltage. On the other hand, at high bias 
voltage a conductive state arising from the alkyl chains (-3/-4.5 75 

eV) and an image potential state at ≈ 4.4 eV has been observed.71 
The same behavior has been measured for the LD OT phase, 
although the position of the image potential state shifts to higher 
energies as the adsorbate density decreases.  
Thiolate adsorption on metals leads to an interfacial dipole (∆µ) 80 

which involves two additive contributions, one from the S-Au 
bond (µCHEM) and the other from the intrinsic dipole of the 
molecular layer (µSAM). The S-Au bond is nearly apolar and its 
contribution to the surface dipole is relatively small.72 In fact, 
Bader analysis show that the RS-Auad-RS species in vacuum bear 85 

+0.17e and -0.13e on the Auad and on each S atom, respectively, 
while + 0.14/+0.15e and -0.16/-0.18e are found for Auad and S 
atoms of the staple on the Au surface (Table 2). This means that 
the charge reordering in the S–Au bond at the Au surface does 
not produce significant changes in ∆µ (µCHEM ≈ 0), which 90 

remains close to that estimated for the isolated thiolate species in 
vacuum (i.e. ∆µ ≈ µSAM) .4 Bond formation influences the φ and 
the alignment of the electronic levels in the SAM with respect to 
the metal Fermi energy.73 It has been shown that substitutions at 
the terminal groups of the molecules are electrostatically 95 

decoupled from the S-Au bond interface in densely packed 
SAMs. Therefore, ∆φ  and the level alignment can be tuned by 
the chemistry terminal group. Thus alkylthiolates produce a 
decrease in Au(111) φ, whereas fluorinated alkylthiolates make it 
increase.74  100 

In contrast to the wide research on thiol self-assembly on the 
Au(111) surface, much less attention has been given to such 
process on the Au(100) surface. It has been reported that 
alkanethiols with small n form a c(2×2) overlayer with d = 0.416 
nm, θ = 0.5 and α ≈30°75 (Figure 2d,d´). On the other hand, STM 105 

images taken in electrolyte solutions for ET show a slightly 
different quadratic arrangement with d = 0.44 nm and θ = 0.43.76 
These images also reveal Au islands with a surface coverage 
close to that expected from the lifting of the hexagonal 
reconstruction of the Au(100) surface to form the Au(1×1) 110 

surface, i.e. the (100) surface remains unreconstructed. This 
simple scenario is valid for small alkanethiol molecules, as longer 
chain homologues exhibit more complex diffraction patterns.75  
Thermal stability of thiolate SAMs on Au(111) is restricted to T ≈ 
400 K.77, 78 Increasing the temperature above this value results in 115 

thiol desorption, mainly as disulfides. The remaining thiolates 
adopt a lying-down configuration and the Auad form islands or are 
incorporated at step edges. The LD phase is desorbed at T ≈500 
K, mainly as thiolates. Final desorption of an appreciable amount 
of gold-containing molecules is observed at T ≈ 700 K, thus 120 

supporting the presence of RS-Auad complexes. Only small 
amounts of S are observed after complete desorption, indicating 
that S-C bond breaking is difficult on the Au(111) surface even at 
high temperatures.79 This is reasonable because the d band of Au 
is far from the Fermi level (Figure 2e) and its catalytic activity is 125 

relatively poor. Sometimes, however thiol SAMs on Au(111) 
exhibit a small S 2p component at BE of ≈161 eV (S1) in 
addition to the main thiolate feature at ≈162 eV (S2 component). 
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This component has been attributed either to some atomic S 
produced by cleavage of the thiolate C-S bonds80 or to the 
presence of thiolates with a different binding chemistry and/or 
geometry as compared to the “conventional” thiolate bond (S2 
component). The former assignment arises from the fact that for 5 

annealed SAMs (T > 400 K) it was observed that the thiolate-
related doublet shifted to ≈161 eV upon some cleavage of the C–
S bond in the SAM constituents, and also because S1 appears for 
S and sulfide adsorption on Au(111).81 The latter assignment is 
based on kinetic studies of SAM formation: S1 was observed at 10 

early stages of molecular assembly, i.e. for a short immersion 
time, and disappear later. Plausible reasons can be a hybridization 
change, adsorption site differences, adsorption at defect sites 
(such as step edges), or different molecular orientations (striped 
phases).82, 83 This S1 component is enhanced in some aromatic 15 

thiols and is also more evident in AuNPs (S1 S 2p component in 
Figure 1d). In this case this can be accounted by the increased 
reactivity of the curved NP surfaces66 or by the presence of 
different thiolate species on the facets or by S 
contamination/formation during NP synthesis.64 Also, the 161 eV 20 

doublet has been attributed to disulfide associated with the AuNP 
surface84 Indeed, this topic is open to more experimental and 
theoretical work. 
Finally, it is interesting to note that thermodynamically stable 
thiolate-protected Au nanoclusters (AuNCs) with the formula 25 

Aum(SR)n, with m = 24, 25, 38, 102, 130, 144, 22585 are protected 
by two types of “staple” motifs (RS-Auad-SR and RS-Auad-RS-
Auad-SR)86, i.e. they are protected by the same species found for 
the (3×4) and c(4×2) lattices on Au(111) surfaces. Also, the (111) 
faces of AuNPs (> 2nm) exhibit d≈ 0.5 nm and ≈1 nm similar to 30 

those observed in the c(4×2) structures shown in Figure 2.87 
Therefore, in general we expect that (111) faces of AuNPs should 
reconstruct to be protected by the staples, while the (100) faces 
should remain unreconstructed protected by RS• adsorbates. 

2. 2. Silver 35 

Silver has many useful optical, physical, and chemical properties. 
In particular, it has the highest electrical and thermal 
conductivities of all metals. This is interesting since low-
resistance printed conductors are crucial for the development of 
ultralow cost electronic systems.88 Thiolate-protected AgNPs can 40 

be printed and subsequently annealed to form plastic-compatible 
low-resistance conductor patterns. Silver electrodes modified 
with SAMs of thiolates have been used to modify and improve 
metal/organic contacts in organic electronic devices such as 
LEDs and photovoltaic cells.89 Also, AgNPs offer a broad range 45 

of applications in molecular diagnostics and photonic devices, 
which take advantage of the novel optical properties of these 
nanomaterials. Single layers of silver nanowires have been used 
to construct arrays for molecule-specific sensing in conjunction 
with Raman spectroscopy. Thermochromic films made of 50 

thiolate-capped AgNPs embedded into polymers have been used 
as active materials for optical sensing.90 Thiolate-protected Ag 
nanoclusters are also attractive for biomedical applications, 
especially for subcellular imaging, because of their ultra-small 
hydrodynamic diameters (<3 nm), facile post-functionalization 55 

and good stability.91 They also possess superior antimicrobial 
properties against multidrug-resistant bacteria via generation of a 
high concentration of intracellular reactive oxygen species. Also 
AgNPs have been proposed and used as biocides in burns, 
diabetic skin ulcers92 and Human Immunodeficiency Virus 60 

infection.93  
AgNP-based catalysts have been studied as suitable materials for 
oxygen electroreduction, although their electrocatalytic activity is 

relatively low with respect to PtNPs.94 However, it has been 
reported that thiolate-protected AgNPs supported on carbon can 65 

markedly enhance or inhibit the electrocatalytic activity for O2 
reduction, depending on the thiolate ligand.95 This opens the 
possibility of manipulating the electrocatalytic activity by 
modification of the NP electronic energy via the organic ligand. 

Surface structures and chemistry 70 

Thiols adsorb at saturation coverage on Ag(111) forming a 
distorted hexagonal (√7×√7)R19.1° lattice of SU molecules with 
θ ≈ 0.43 and α ≈0-19° (Figure 3 a,b).10, 96 Similar lattices have 
been described for other sulfur organic compounds, such as 
thiourea and ethylthiourea, which also adsorb as thiolates on the 75 

Ag(111) surface (Figure 3c,d).97  

 

Figure 3. STM images of SAMs on Ag(111). a) PT, inset: Fast 
Fourier Transform of the (√7×√7)R19.1° lattice. Adapted with 
permission from J. Phys. Chem. B 2004, 108, 1898-1905. 80 

Copyright (2004) American Chemical Society. b) DT. The 
(√7×√7)R19.1° lattice observed in a) and b) is marked in white 
lines. b) Adapted with permission from J. Phys. Chem. B 2002, 
106, 12267-12273. Copyright (2002) American Chemical Society. 
c) Thiourea. Adapted with permission from J. Phys.Chem. B 85 

2002, 106, 9831-9838. Copyright (2002) American Chemical. d) 
Ethylthiourea. The same 2D lattice observed in a-c is shown in 
the domain inside the circle named I. d) Adapted with permission 
from Langmuir 2003, 19, 5336-5343. Copyright (2003) American 
Chemical Society e) HT  f) Hexadecanethiol (HDT) XPS spectra 90 
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of the S 2p region. e) Adapted with permission from  Langmuir 
2003, 19, 5336-5343. Copyright (2003) American Chemical 
Society. 

A more stable structure involving a greater density (5/7) of 
topmost Ag atoms has recently been proposed, in which the 5 

number of Ag atom vacancies at the surface (θvac= 2/7) is 
markedly reduced with respect to the previous model.98 The 
optimized structure of this reconstructed lattice (R) is shown in 
Figure 4a,a´, while the energetic and geometric data are listed in 
Table 3. The surface structure consists of Ag3(MT)3 units 10 

surrounded by hexagons of Ag atoms. Alkanethiols longer than 
MT exhibit similar patterns, although d increases to ≈0.47 nm in 
order to optimize hydrocarbon chain interactions (Figure 
4b,b´).99,100 X-ray diffraction of layered silver thiolates (RS-Ag, n 
= 6-17) has shown a monoclinic unit cell with a lattice constant 15 

0.455 nm and α ≈ 12°, both figures in close agreement with that 
found for alkanethiolates on the Ag(111) surface.101 The smaller 
α value (α ≈0-19°) of the hydrocarbon chains on Ag(111) allows 
allocating the molecules in a denser packing (θ ≈ 0.43) compared 
to the case of Au(111) (α ≈ 25-34°, θ ≈ 1/3).10 Also, 20 

alkanethiolate SAMs on Ag(111) form well-ordered and 
crystalline structures with the hydrocarbon chains in fully 
extended all-trans configuration.  
Concerning the S-Ag metal bond, XPS data of thiolate SAMs on 
Ag(111) show the thiolate component at BE ≈ 162 eV (S2)102, 25 

which is usually accompanied by a smaller signal at BE ≈ 163.5 
eV (S3) (Figure 3 e,f) corresponding to non-bonded thiols or 
disulfides.101 In contrast to Au(111), LD phases on Ag(111) have 
rarely been observed. Some evidence for the presence of LD or a 
highly tilted alkanethiolate phase preceding the formation of 30 

dense SU structures has only been obtained for short alkanethiols 
adsorbed from the gas phase at low doses.103 
Experimental data from different techniques for the dense 
(√7×√7)R19.1° thiol lattice suggest that Ag(111) surface is 
markedly reconstructed.99 Indeed, it has been proposed that MT 35 

reconstructs this surface forming a near-hexagonal surface layer 
with a Ag density that is only 3/7 that of the underlying substrate 
layers. The MT radicals are adsorbed into threefold coordinated 
hollow sites with d = 0.44 nm.104 The local S-Ag coordination 
and structure proposed in this model is very similar to that in f-40 

cubic Ag2S. However, it has been shown that this lattice exhibits 
the same stability as the (√7×√7)R19.1° MT structure on the U 
Ag(111) due to the high energy cost to create a large number of 
Ag atom vacancies (θvac = 4/7 coverage).105  
The smaller number of vacancies required in this model improves 45 

its stability, which becomes more stable than the same 
arrangement on the U Ag(111) surface (Figure 4c,c´), as shown 
by comparing their γ values (Table 3). However, as observed for 
Au(111), the difference in γ between the (√7×√7)R19.1° thiol 
lattice on the R and U surfaces tends to vanish as n is increased 50 

(Figure 4g). Also in this case the organization of the long OT 
alkyl chains requires the reconstruction of the Ag(111) surface 
atoms in slightly more unfavorable positions than MT and BT, as 
shown by comparing the Er values in Table 3. 
On the other hand, MBA SAMs on Ag(111) show diluted lattices 55 

with θ = 0.25-0.30 instead of the θ  = 0.43 found for alkanethiols 
on the Ag(111) surface,106 a result that agrees with that reported 
for the same molecule on the Au(111) surface.67 As in the case of 
Au(111) these two observations require further experimental and 
theoretical work in order to understand the role of hydrocarbon 60 

chains and the effect of small thiol molecules adsorption on 
surface reconstruction. 

 
Figure 4. Top view schemes of the surface structures optimized 
by DFT calculations. a) MT (√7×√7)R19.1° Ag R5/7 b) BT 65 

(√7×√7)R19.1° Ag R5/7 c) BT (√7×√7)R19.1° Ag(111) U  d) BT 
c(2×2) Ag(100) U. a´-d´) lateral view of the lattices shown in (a-
d). e) DOS of clean Ag(111), BT (√7×√7)R19.1° Ag(111) R 5/7 
and PDOS of adsorbed BT f) PDOS Ag of 2nd layer d and sp 
states, Ag atoms of 1st layer d states and S sp states in the BT Ag 70 

(√7×√7)R19.1° Ag(111)R 5/7. The Fermi level is aligned at the 
origin of the energy scale g) γ  for BT, HT and OT on 
(√7×√7)R19.1° Ag(111) R5/7 and Ag(111)U.  

Table 3 
Geometric and energetic parameters for the different Ag surface 75 

structure models discussed in the text and figures 

Surface 
structure 

Er/N Eb/eV γγγγ/eV.Å-2 
qBader/e 

αααα/°°°° 
M S 

(111)R 
(√7×√7)R19.1º 

MT         
Figure 4a 

+0.51 -2.86 -0.136 +0.22 -0.35 8.9 

(111)R 
(√7×√7)R19.1º        

BT          
Figure 4b 

+0.51 -3.18 -0.154 +0.22 -0.37 4.2 

(111)R 
(√7×√7)R19.1º        

OT 
+0.56 -3.63 -0.178 +0.20 -0.37 4.7 

(111)U 
(√7×√7)R19.1º 

MT 
0.0 -2.18 -0.126 +0.10 -0.36 42.9 

(111)U 
(√7×√7)R19.1º 

BT 
Figure 4c 

0.0 -2.53 -0.146 +0.13 -0.38 6.1 

(111)U 
(√7×√7)R19.1º 

OT 
0.0 -3.01 -0.174 +0.13 -0.38 8.4 

(100)U 
c(2×2)-BT  
Figure 4d 

0 -2.75 -0.160 +0.16 -0.39 8.3 

The PDOS of the stable BT (√7×√7)R19.1°Ag R5/7 surface 
(Figure 4e,f) shows that the 4d-band of the reconstructed Ag 
layer becomes slightly narrower with respect to the second layer 
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as a consequence of the lower number of Ag atoms in the topmost 
layer. Nevertheless, on both sides of the d band two peaks appear 
that can be attributed to bonding and antibonding states of the 
adsorbate with the sp and d states of the metal. The electronic 
states of the adsorbed BT between -3.5 and -8.0 eV (Fig 4e) are 5 

substantially broadened showing a strong coupling with the 
electronic states of the metal, in particular with the lower part of 
the d-band. The strong localized states below -10 eV are less 
affected by the presence of the metal as occurred in the Au (Fig 
2e-f)  10 

Much less information can be found for thiol adsorption on the 
Ag(100) face, where thiolates seem to be adsorbed in fourfold 
hollow sites through their S head and d = 0.414 nm, 107 with no 
evidence of surface reconstruction (Figure 4d,d´).  
In contrast to S-Au, the S-Ag bond has a stronger polar character 15 

resulting from the charge transfer from the Ag surface to the S-
head, as shown in the Bader charge analysis (Table 3).108 In fact, 
in this case the charge in the S head atom of the BT adsorbate in 
vacuum is only -0.06 e, while in the adsorbed BT it increases to -
0.37e. This means that the surface dipole ∆µ increases as a 20 

consequence of the increase in µCHEM. XPS data for HT and DT 
on the Ag(111) surface show the presence of thiolate bonds (BE 
≈161.9 eV), and of small amounts of free non-bonded thiols (BE 
≈163.2 eV), without evidence of adsorbed sulfide (≈161.4 eV) 
(Figure 3e,f ). In fact, it has been reported that thiols remain 25 

intact on Ag(111) from the gas phase adsorption at room 
temperature.103 However, exposure to UV radiation,109 X-rays or 
thermal desorption at high temperature103 can cause C–S bond 
scission and the formation of S-rich Ag surfaces. The onset of 
thiol desorption from the Ag surface starts at 425 K and finishes 30 

at 475 K and mainly involves alkyl disulfides as products. The 
amount of S detected at the end of the desorption process is very 
small, in agreement with recent results on Au(111). The 
desorption energy is 1.43-1.30 eV, which is slightly larger than 
the value reported for chemisorbed alkanethiols on Au(111). Note 35 

that, as in the case of Au, the d-band of Ag is well below the 
Fermi level (Figure 4e). 
The situation for Ag nanoclusters and nanoparticles is more 
complex. The structure of AgNPs 2 nm in size prepared by 
reduction of Ag(SCH2CH2Ph) precursors has been described as a 40 

core–shell structure model with a 92-atom Ag core and an 
encapsulating protective shell containing Ag atoms and 60 
thiolates arranged in a network of six-membered rings closely 
resembling the geometry found in alkanethiolate SAMs on 
reconstructed Ag(111) (Figure 4a,b).110 Thus, a correlation 45 

between thiol organization on the Ag(111) and AgNP surfaces is 
also proposed, with thiolates adsorbed on a vacancy-rich (low 
density) Ag metal surface. However other recent experimental 
results for DT-protected AgNPs seem to be consistent with a 
core-shell structure consisting of a metallic Ag core surrounded 50 

by a Ag2S-like phase.111 A similar core-shell structure has been 
found for thiolate-protected AgNPs prepared from 
allylmercaptane adsorption.112 Thus, in these cases thiolates seem 
to be grafted to a sulfide-covered AgNP surface, a model that 
closely resembles that described for thiolate-protected PdNPs.113 55 

This would imply the ability of AgNP defective surfaces to break 
the C-S bond, a fact that is not evident on the Ag(111) surfaces. 
However, XPS data for DT-protected AgNPs synthesized by the 
two-phase Brust-Schiffrin method11 showed only a small amount 
of sulfide, which is not consistent with thiolates grafted on 60 

Ag@Ag2S core@shell model. Also, thermogravimetric analysis 
data for thiolate-protected AgNPs prepared by the one phase 
Brust-Schiffrin method showed no excess of S in relation to that 
intact thiolate species.114 A similar conclusion has been reported 
for MBA-protected AgNPs, 5 nm in size, prepared by the ligand 65 

exchange method after a careful electron diffraction and XPS 
analysis.106 However, DFT calculations have shown that thiolate-
protected AgNPs and thiolate-protected Ag@Ag2S core@shell 
NPs have similar stability.11 Also, on prolonged exposure to the 
adsorbate solution, the Ag surface becomes extensively 70 

sulfidized.10 Therefore, the final product should depend on details 
of the self-assembly procedure or on the presence of sulfide 
impurities. 
On the other hand, DFT calculations for Agm(SCH3)n 
nanoclusters have predicted that RS-Agad-RS complexes (RS = 75 

thiolate) could be the stable species on the Ag surface115 as it has 
been observed on AuNCs.86 This has been experimentally 
confirmed for Ag44(MBA)30 nanoclusters that are protected by six 
Ag2(MBA)5 units in which Ag cations bind to three thiolate 
ligands in a planar Ag(MBA)3 configuration.116 The presence of 80 

these species was also confirmed for fluorinated arylthiols on the 
same clusters.117 Therefore, AgNCs exhibit surface structure and 
chemistry that cannot be easily correlated with experimental data 
for thiol arrangement on the planar Ag and NPs surfaces. 

2.3. Copper 85 

Copper-based electrical contacts are widely used due to the high 
electric conductivity and low cost of this metal. However, the 
efficiency and durability of the devices are affected by several 
factors, including metal oxidation and corrosion. SAMs of 
alkanethiols are employed to passivate Cu surfaces in an attempt 90 

to preserve surface cleanliness.118 Indeed, thiol SAMs formed on 
Cu surfaces have been found to retard surface oxidation and the 
degree of protection can be enhanced by using alkanethiols with 
longer carbon chain length.119 Indeed, it was reported that a SAM 
of 1-hexanethiol formed on Cu protected the surface against 95 

contamination during storage in ambient conditions. After 3 days 
of storage, the SAM was desorbed by an in situ annealing step in 
inert nitrogen ambient to provide a clean Cu surface.120 SAMs on 
Cu prepared either from the gas phase or from the liquid phase 
have also been used in atomic layer deposition processes.121 For 100 

instance, in the damascene process the thiol SAMs should form 
only on the copper surface but not on the insulators. The 
feasibility of exploiting SAMs in microelectronic applications 
was demonstrated by the enhancement of Cu wire bonding onto 
thiol-passivated Cu bond pads.122  105 

There has been an increased interest in the preparation of stable 
thiolate-protected CuNPs because of their promising electronic 
and optical properties, and also because they can be new tools in 
organic synthesis and catalysis. Unfortunately, short-chain 
alkanethiols or arylthiols are often inadequate for protecting the 110 

Cu metallic core against oxidation in ambient conditions because 
gaps form easily on the nanoparticle surface and thus longer 
thiolates should be used for technological applications. 
Copper nanoparticles have been studied as candidates for direct-
spray printing inks to form conductor lines.123 Also thiolate-115 

protected Cu nanoclusters evolve into thiolate-capped Cu2S 
nanodiscs under controlled temperature treatment.124 The 
nanodiscs can be later self-assembled into Cu2S nanochains and 
nanoribbons with interesting applications in the fabrication of 
photovoltaic, plasmonic and charge storage devices.125  120 

Surface structures and chemistry 

The growth processes and structure of thiol self-assembled 
monolayers on Cu single-crystal surfaces have been investigated 
by using XAFS and STM. At low coverage, thiolates on Cu(111) 
have a disordered structure with a LD configuration.126, 127 At a 125 

surface coverage of 0.7ML, thiolates stand up and form dense 
surface structure accompanying significant reconstruction of the 
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substrate. Two-photon photoemission measurements of 
thiophenol and p-fluorothiophenol on Cu(111) also confirmed the 
LD to SU transition, although in this case the phase transition 
took place at 0.4-0.5 ML.128  
On the other hand, STM and LEED data129 for MT adsorption 5 

from DMDS revealed a pseudo-(100) surface reconstruction 
where the outermost Cu atomic layer adopts a structure similar to 
Cu(100) surface (R surface). Here the thiolate species are in 
fourfold coordinated hollow sites of a near-square c(2×2) mesh (θ 
= 0.33) with dimensions 0.406 nm × 0.418 nm and a tilt angle 10 

≈11° (Figure 5a,a´). The outermost Cu layer has only 2/3 of the 
atomic density of a close-packed Cu(111) layer, i.e. a diluted Cu 
atom surface is formed upon thiol adsorption, as observed for 
thiols on Ag(111). Upon relaxation, the (100) layer distorts in 
such a way that the Cu atoms in the overlayer occupy hollow 15 

positions30 with Cu-Cu atom distances 15% larger than those 
found in the Cu(100) phase. This behavior would imply that 
adsorption at the (100) hollow site of the R surface is favored 
over adsorption on the U Cu(111) surface. It was also shown that 
the pseudo-(100) reconstruction of the Cu(111) surface also takes 20 

place for longer alkanethiolates such as OT.129 However, in this 
case the STM images reveal a honeycomb OT phase (H domains 
in Figure 6a), a (5×5) lattice with θ = 0.32 consistent with an 
unreconstructed Cu(111) surface, coexisting with the pseudo-
(100) reconstructed phase (P domains in Figure 6a) at room 25 

temperature. In contrast, for MT the honeycomb phase is entirely 
transformed into the pseudo-(100) phase under the same 
conditions.130 This is not surprising, as our DFT calculations 
show that the pseudo-(100) MT lattice is more stable than the 
honeycomb (5×5) MT lattice (Table 4). 30 

On the other hand, DFT calculations also indicate that the γ value 
for BT on the pseudo-(100) (Figure 5b,b´) approaches the same 
value as on the honeycomb (5×5) lattice (Figure 5c-c´), as shown 
in Figure 5g. This result suggests that increasing the thiol chain 
length, which favors vdW interactions among molecules, makes 35 

substrate reconstruction to the pseudo-(100) structure more 
difficult (Table 4). This trend could explain the coexistence of U 
and R substrate domains in the same STM image of longer 
alkanethiols, such as OT (Figure 6a). Also, DFT calculations for 
MT show that the pseudo-(100) lattice has the same stability as a 40 

hypothetical (√3×√3)R30° of the same thiol, while for BT the 
pseudo-(100) and the honeycomb lattices become more unstable 
than the corresponding (√3×√3)R30° surface structure (see γ 
values in Table 4). The reason why the latter has not been 
reported yet is an open question that deserves special attention. 45 

Also, self-assembly of 1,3,5-tris(4-mercaptophenyl)benzene on 
Cu(111) at room temperature leads to a commensurate 
(3√3×3√3)R30° lattice with the RS• adsorbates in a planar 
configuration, thus without evidence of pseudo-(100) substrate 
reconstruction. More important, this SAM is transformed into a 50 

network of RS-Cuad species only upon heating to 433 K.131 At 
these temperatures mass exchange between step-edges and 
terraces is the dominant process with an important increase in 
metal adatom concentration, thus allowing the formation of the 
RS-Cuad moieties. In contrast, this process has not been observed 55 

on Ag(111) where the heating process led to disulfide bond 
formation between the adsorbed molecules. The absence of metal 
coordination networks on Ag(111) is best explained by a different 
affinity of Cuad and Agad to form metal-coordination bonds with 
RS• species.131  60 

 

 
Figure 5. Top view schemes of the surface structures optimized 
by DFT calculations. a) MT on the pseudo-(100) Cu(111)R b) BT 
on the pseudo-(100) Cu(111)R  c) BT on the honeycomb (5×5) 65 

lattice Cu(111)U  d) BT c(2×2) Cu(100). a´-d´) Lateral view of 
the lattices shown in (a-d) e) DOS of clean Cu(111), BT on  
pseudo-(100) Cu(111)R and adsorbed BT. f) PDOS of Cu 2nd 
layer d  and sp states,  Cu 1st layer d states, and S sp states in the 
BT on the pseudo-(100) Cu(111)R. The Fermi level is aligned at 70 

the origin of the energy scale. g) γ values corresponding to 
pseudo-(100) Cu(111)R and for the honeycomb lattice Cu(111)U  
for MT and BT  

Table 4  
Geometric and energetic parameters for the different Cu surface 75 

structure models discussed in the text and figures 

Surface 

structure 
Er/N Eb/eV γγγγ/eV.Å-2 

qBader/e 
αααα/°°°° 

M S 

(111)R 
pseudo(100) MT                

Figure 5a 

+0.76 -3.46 -0.157 +0.23 -0.42 4.0 

(111)R 
pseudo(100) BT         

Figure 5b 

+0.78 -3.67 -0.168 +0.22 -0.44 7.2 

(111)U 
 (5×5)-MT 

0.0 -2.62 -0.146 +0.12 -0.42 39.1 

(111)U 
(5×5)-BT 
 Figure 5c 

0.0 -2.94 -0.164 +0.11 -0.43 7.5 

(111)U 
(√3×√3)R30º 

MT 

0.0 -2.69 -0.156 +0.12 -0.43 40.5 

(111)U 
(√3×√3)R30º  

BT 

0.0 -3.06 -0.178 +0.12 -0.44 10.0 

(111)U 
(√3×√3)R30º 

OT 

0.0 -3.55 -0.207 +0.12 -0.44 7.1 

(100)U 
 c(2×2)-BT  
θ=1/4 

0.0 -3.20 -0.121 +0.10 -0.46 5.9 

(100)U  
c(2×2)-BT 
θ=1/2 

Figure 5d 

0.0 -2.63 -0.199 +0.21 -0.45 5.6 
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The analysis of the PDOS for the BT on pseudo-(100) Cu(111) R 
is shown in Figure 5e. This metal has the center of the d band 
higher in energy than Au (Figure 2e) and Ag (Figure 4e), 
although it remains below the Fermi level. Also, d states are less 
extended than gold´s. We note that the 3d band of the 5 

reconstructed surface becomes slightly narrower with respect to 
the clean Cu(111) surface (Figure 5f) as a consequence of the 
lower number of Cu atoms at the pseudo-(100) surface (Figure 
5a). 
BT adsorption does not cause a reduction in the d-band near the 10 

Fermi level and the hybridization with the S sp induces an 
increase in PDOS at the lower energy part of the Cu d-band. It is 
evident that, in contrast to the c(4×2) thiol lattice on the 
reconstructed Au(111), the 3d band makes no major contribution 
to the S-Cu bond, which involves S sp and Cu 4s states that show 15 

a noticeable broadening (Figure 5f). The Bader analysis indicates 
that the charge transfer from the Cu surface to the S atom of 
adsorbed BT is significant as it bears -0.44e while the S atom of 
the BT molecule in vacuum exhibits only -0.06e. Therefore, there 
is an important contribution of µCHEM component to the surface 20 

dipole ∆µ at the SAM-Cu interface.  
Regarding thiols on Cu(100) surfaces, contradictory results have 
been reported. Initially, no evidence of substrate reconstruction 
was observed by STM and XAFS for thiol self-assembly on this 
surface.127 However, it has been proposed that [(CH3S)2] adsorbs 25 

in a symmetric fourfold chemisorption site as MT on the Cu(100) 
surface, but it builds up regular twofold reconstructed 
superstructures, p(2×2) at low coverage and c(2×6) and c(2×2) at 
higher coverage.132 Figure 5d,d´ shows the optimized c(2×2) BT 
lattice and the corresponding geometric and energetic parameters. 30 

However, the short intermolecular distance on this dense lattice 
(θ = 0.5, d = 0.36 nm) results in repulsion, leading to substrate 
rampling or missing rows.133 In contrast, a (2×2) lattice with θ = 
0.25 and d = 0.5 nm has been experimentally observed for 
different thiols on the Cu(100) surface (table in Figure 5). 35 

STM studies of MT imaged in situ on the Cu(100) in electrolyte 
solution suggest that the c(2×6) lattice could be formed by RS-
Cuad dimers.134 It is possible that enhanced mobility of the Cuad in 
electrolyte solution favors the formation of these species. It 
should be noted that careful XPS and AES analysis of 40 

polycrystalline Cu surfaces indicate the presence of thiolate (BE 
≈ 162 eV) and oxidized Cu(I) species, respectively (Figure 6b-
c).135 Thus, the presence of RS-Cuad species on the Cu(111) and 
Cu(100) surface cannot be discarded.136 Layered alkanethiolates 
have α = 13° which is the same tilt measured for alkanethiolates 45 

on the Cu(111) surface.10, 137  
In order to shed more light on the thiol/Cu chemistry we will 
discuss the reactions that take place as a function of T. 
Alkanethiolate SAMs on Cu are stable in air up to T ≈ 400 K, as 
shown in Figure 6d for OT SAMs.136,135 In fact, at T > 400 K C-S 50 

bond cleavage becomes evident in the XPS S 2p spectra with the 
progressive transformation of thiolates (BE ≈162 eV) into Cu2S 
(BE ≈161 eV). Also, ET SAMs formed from diethyl disulfide 
adsorption on Cu decompose to form either ethylene or ethane 
and adsorbed S at T ≈ 380/400K.138 However, traces of S during 55 

MT adsorption on Cu(111) were observed even at room T by 
standing-wave experiments.139  
Copper nanoclusters and CuNPs also exhibit changes in 
chemistry with temperature. Phenylethanethiolate (PET) 
protected copper clusters Cu38(PET)25 decompose in about 2 h at 60 

room temperature, forming a mixture of copper thiolates and 
cuprous sulfide as characterized by XRD.140 Also copper 
nanoclusters ≈ 0.5 nm in size encapsulated with thiolate 
monolayer Cun(SR)m

124 under controlled temperatures (393<T< 

423 K) evolve into thiolate-capped Cu2S nanodiscs via thermally 65 

activated coalescence and copper-catalyzed interfacial C-S 
cleavage reactivities.  
 

 
Figure 6. a-b) STM image of OT on Cu(111). Domains of the 70 

herringbone (H) on the U Cu(111) and the pseudo-100 (P) on the 
R Cu(111) surface are indicated. Reprinted with permission from 
Langmuir 2000, 16, 6693-6700. Copyright (2000) American 
Chemical Society. b) XPS S 2p signal and AES Cu(LMM) signal 
of HDT SAMs on polycrystalline Cu. Reproduced from Bull 75 

Korean Chem.Soc. 2001, 22, 748 with permission of the Korean 
Chemical Society d) XPS S 2p spectra of a OT SAM on 
polycrystalline Cu at different temperatures. Reproduced from 
Bull Korean Chem.Soc. 2003, 24, 610 with permission of the 
Korean Chemical Society  80 

These results show the complex relation between adsorbed 
thiolates, copper thiolates and copper sulfides on Cu surfaces. In 
general one could conclude that extensive sulfidization from 
adsorbed RS• or RS-Cu species requires thermal treatment or 
exposure to ambient conditions. On the other hand, one can 85 

speculate that the presence of RS-Cuad species on the Cu surfaces 
depends on the Cu atom surface mobility at the adsorbed/thiolate 
Cu system. 

2.4. Platinum 

Platinum is an interesting metal for the fabrication of thiolate-90 

protected electronic devices. In fact, it is considered to be a good 
thiolate contact material and to be compatible with the fabrication 
of silicon microelectronics, in contrast to gold, because of its high 
surface and bulk diffusivities and the ability to form electronic 
defects.141 It has been reported that the contact resistance is 95 

reduced by nearly 2 orders of magnitude by interfacing SAMs 
with Pt in relation to Au electrodes.142 It has been shown that 
strong binding creates lower contact resistance leading to higher 
conductance value for thiol molecules bound to Pt surfaces.143, 144  
The preparation of PtNPs has been motivated by their catalytic 100 

properties.145 In fact, PtNPs play an important role in a wide 
variety of catalytic processes and for fuel cells applications.146, 147 
Also, PtNPs deposited on carbon nanotubes show excellent 
dehydrogenation properties.148 On the other hand, they have been 
also used to hydrogenate allyl alcohol to propanol reducing the C-105 
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C double bond.149 Mercaptoammonium–protected PtNPs have 
also been used as catalysts in the hydrogenation of maleic acid to 
succinic acid.149 Furthermore, thiomalic acid-protected PtNPs 
improve the performance of hydrogen storage alloy materials 
after electrochemical removal of the thiol molecules150 while 5 

mercaptoundecanoic-protected PtNPs have been used to prepare 
Pt@oxide core-shell catalysts.151  

Surface structures and chemistry 

The adsorption of alkanethiols on Pt surfaces from the gas and 
vapor phase has been studied by different techniques.152-156 At 10 

room temperature, the adsorption of MT on Pt(111) produces a 
partially disordered overlayer that gives rise to a diffuse (√3×√3) 
R30° LEED pattern and threefold symmetry in the scattering 
profiles, and α = 45°.153 In situ STM imaging in electrolyte 
solutions of alkanethiolate SAMs on Pt(111) (HT, nonanethiol 15 

(NT)) and aromatic thiols (benzenethiol, and 4-
hydroxibenzenethiol) has shown that the thiol molecules organize 
into (2×2) (θ ≈ ¼) and (√3×√3)R30° (θ ≈ 1/3) (Figure 7a-b) 
lattices at low and high concentrations, respectively.157 These 
lattices are well ordered only within a narrow potential range 20 

applied to the metal/electrolyte interface. The optimized surface 
model for the (√3×√3)R30° BT lattice on the Pt(111) is shown in 
Figure 8a,a´. As in the case of the Cu group metals, thiols adsorb 
to the Pt surface as thiolates, a fact consistent with the major 
component of the XPS S 2p spectra at BE ≈ 162 eV, (Figure 7c-25 

d).155, 158 Also, these SAMs usually have small amounts of non-
bonded thiol derived species, such as alkyl disulfides and dialkyl 
sulfides, which are characterized by the small component at BE 
≈163.4 eV.155, 159 
IR spectroscopy data of HT and DT SAMs on Pt (Figure 7e-f) 30 

reveal intact hydrocarbon chains in standing-up configuration 
with α = 6-16°. These data also provide important information 
about the alkyl chains order in the SAMs (i.e. gauche defects) by 
looking at changes in the asymmetric (d-) CH2 stretching 
vibrations at ≈ 2920 cm-1. Thus, the analysis of the IR spectra of 35 

different alkanethiols on Pt shows a significant increase in the 
chain order as n increases, which is reflected in the shift of the d- 
stretching vibration towards smaller frequencies (Figure 7 e-f).150 
Therefore, DT SAMs on Pt are well-ordered with a quality 
comparable to those found on Au. However, SAMs of shorter 40 

alkanethiols are more defective, less blocking, and have lower 
thiolate coverage than their Au counterparts. In fact, at a nearly 
constant total S coverage (θ = 0.32-0.34) the XPS S 2p spectra 
for BT and HT show that thiolates only reach θ ≈ 1/4, a figure 
lower than θ ≈ 1/3 expected for a perfect (√3×√3)R30° lattice 45 

(Figure 8a,a´).  
The chain-length dependent quality of these SAMs has been 
explained based on DFT and thermodynamic calculations. It has 
been proposed that the poor quality observed for SAMs of short-
chain thiolates could result from C-S bond scission of the 50 

thioalkyl radical in a LD configuration, leading to a mixed S and 
thiolate adlayer.156 This is reasonable, as thermal desorption of 
MT SAMs from Pt(111) at T ≈ 300 K results in H and small 
amounts of CH4 suggesting that C-S bond scission at nearly room 
temperature is possible.160 The C-S bond breakage at T ≈ 320 K 55 

primarily involves reaction between MT and coadsorbed 
hydrogen and leaves atomic S at the surface.  
 

 
Figure 7. a-b) STM images of the (√3x√3)R30° thiol lattices on 60 

Pt(111). a) HT, b) NT. Reprinted with permission from Langmuir, 
Vol. 20, 2004, 10036. Copyright (2004) American Chemical 
Society. c-d) XPS S 2p c) HT SAM d) DT SAM. Adapted with 
permission from The Journal of Physical Chemistry C, 2011, 115, 
17788-17798. Copyright (2011) American Chemical Society, e-f) 65 

ATR-SEIRA spectra, recorded in ambient atmosphere of (e) HT 
and (f)DT adsorbed on Pt, g) XPS Pt 4f region of the DT-capped 
PtNPs before (gray) and after reductive stripping of the thiol 
adlayer at −1.8 V (black). Adapted with permission from The 
Journal of Physical Chemistry C, 2013, 117, 7589-7597. 70 

Copyright (2013) American Chemical Society. 

We have explored the stability of a hypothetical mixed S + BT 
(√3×2√3)R30° adlayer, a lattice containing θsulfide ≈ 0.16 and θthiol 
≈ 0.16 (total S coverage θS ≈ 1/3), with BT in LD (Figure 8b,b´) 
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and SU configurations. We found that the mixed layer with BT in 
LD configuration results more stable, i.e. it exhibits a smaller γ 
value, than the same lattice with BT in SU configuration (Table 
5). Also the S + BT (√3×2√3)R30° adlayer in LD results more 
stable than the plain BT (√3×2√3)R30° adlayer in LD (Figure 8c) 5 

and in the plain BT (√3×√3)R30° lattice (Table 5). Note that we 
have selected BT in LD as BT adsorbs on Pt in a configuration in 
which the alkyl chain interact with the metal surface favouring 
adsorbate decomposition.161 In the LD configuration (Figure 8c) 
the PDOS corresponding to sp states of the C1 atom shows a peak 10 

at ≈ -3 V which overlaps with dz
2 state of the Pt atom lying just 

below the C1 atom (Figure 8e). This means that the interaction 
between the Pt surface and the C1 atom, which can lead to C-S 
bond scission, is possible for the alkanethiol molecules in LD 
configuration. Therefore, SAMs of short thiols could contain 15 

some amount of atomic S, thus explaining their chain disorder 
and less barrier properties. Interestingly, the peak at -3 eV 
corresponding to sp states of the C1 is absent for BT in the same 
lattice but in SU configuration (not shown). Therefore, C-S bond 
cleavage for SAMs of longer alkanethiolate prepared from 20 

solutions, for which the LD phases rapidly reorganize in the SU 
phases driven by the vdW interactions, should be more difficult, 
thus explaining their good barrier properties.156 Unfortunately, 
atomic S on Pt overlaps the S 2p signal of thiolates (BE ≈ 162 
eV)13, making our hypothesis extremely difficult to verify. 25 

The PDOS corresponding to the clean Pt and S+BT 
(√3×2√3)R30º lattice are shown in Figure 8f-g, respectively. Due 
to the openness of d-shell in Pt (Figure 8f), there are more 5d 
electrons involved in bonding with S sp orbital than in the case of 
5d electrons of Au, hence there is a more remarkable 30 

hybridization, especially in the region from -3.0 to -7.5 eV 
(Figure 8e). The S sp–5d mixings appears just below the Fermi 
level of the substrate, where the PDOS decreases drastically. The 
hybridization of the d states with S sp orbitals leads to empty 
states within the HOMO-LUMO gap (visible at 0.5 eV in Figure 35 

8e) which are involved in the molecular conductance at low bias 
voltages.162 It should be noted that Pt exhibits the lowest contact 
resistance for tunnel junctions consisting of alkanethiolate 
monolayers sandwiched between Ag, Au, Pd and Pt.142 
Concerning the chemistry of the S-Pt interface, an energy shift of 40 

1 eV in the Pt 4f level to higher energies was observed in XPS for 
DT-protected PtNPs.163 The contribution at higher energy was 
attributed to the surface Pt atoms linked to the S-head atom of 
DT. This shift was also observed for DT-protected PtNPs and 
disappeared after electrochemical cleaning (Figure 7h).150 On the 45 

other hand, it was reported that PtNPs protected by TMA and 
prepared by the Kimura synthesis exhibit significant amounts of 
Pt(I), suggesting the presence of a Pt(0) core surrounded by Pt(I)-
thiolates on the surface.164  
 50 

 

 
 

Figure 8. Top view schemes of the surface structures optimized 
by DFT calculations. a) BT (√3×√3)R30° Pt(111), b) S+BT LD 55 

(√3×2√3)R30° Pt(111), c)  BT LD (√3×2√3)R30° Pt(111), d) BT 
c(2×2) Pt(100). a´-d´) lateral view of the lattices shown in (a-d). 
e) PDOS for Pt dz2, C1 sp  and S sp in the LD  configuration, f) 
DOS corresponding to S+BT LD (√3×2√3)R30° Pt(111), PDOS 
Pt 1st layer d and sp states, adsorbed BT, g) PDOS of the clean 60 

Pt(111). The Fermi level is aligned at the origin of the energy 
scale  

Table 5 

Geometric and energetic parameters for the different Pt surface 
structure models discussed in the text and figures 65 

Surface 
structure 

Eb/eV 

γγγγ/eV.Å-2 
qBader/e 

αααα/°°°° 

S BT 
M S 

(111)U 
(√3×√3)R30º BT        

Figure 8a 
0.0 -3.35 -0.164 +0.02 -0.11 9.0 

(111)U 
(√3×2√3)R30º        

(S+BTLD)         
Figure 8b 

-5.14 -3.20 -0.203 +0.05 
-0.23* 
-0.09 

46.6(C1) 

(111)U 
(√3×2√3)R30º        

(S+BTSU)         
-5.14 -2.82 -0.188 +0.05 

-0.22* 
-0.07 

16.5 

(111)U 
(√3×2√3)R30º        

BTLD          
Figure 8c 

0.0 -3.62 -0.088 +0.04 -0.07 52.3(C1) 

(100)U 
c(2×2)-BT  
Figure 8d 

0.0 -3.76 -0.238 +0.05 -0.10 24.7 

*adsorbed S  
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In conclusion, there is no experimental evidence of Pt surface 
reconstruction upon thiol adsorption, and thus simple adsorbate 
models could be valid to describe this system. On the other hand, 
to our knowledge there are no experimental data for thiol 
adsorption on the (100) surface that we have explored in Figure 5 

8d. It is evident that more experimental work is needed to 
characterize thiol adsorption on Pt surfaces. 

2.5. Palladium 

Palladium is a platinum-group metal very well known for its 
important properties as a catalyst for hydrogenation reactions165  10 

and C-C bond formation .166 Also, it has many applications in 
fields like hydrogen storage167 and sensing.168 
In general, the use of sulfur-based ligands to protect PdNPs 
usually restricts their use as potential catalysts due to the 
poisoning effect of sulfur.169 However, this effect is not universal 15 

because in some cases thiols protect Pd catalysts against 
deactivation, as it has been observed during the oxidation of 
formic acid.170  Moreover, alkanethiol SAMs improve the 
selectivity of Pd-supported catalysts, as reported for the synthesis 
of 1-epoxibutane from 1-epoxi 3-butene.171 DT-protected PdNPs 20 

act as active catalysts for the formation of carbon nanotubes172 
and they have been used as a recyclable catalyst in the Suzuki-
Miyaura C–C coupling reaction of halogenoarenes and 
phenylboronic acid.173  
Also, alkanethiolate-protected PdNPs have been studied due to 25 

their magnetic properties174 and their use as hydrogen sensors due 
to the ability of Pd to absorb large amounts of hydrogen.175 Since 
the capping agent hinders the hydrogen adsorption, it is necessary 
to clean the NP surface with ozone or thermal treatments prior to 
their use.176 Therefore, the understanding of the thiol-Pd surface 30 

chemistry and structure is crucial to improve its potential 
applications. Contrarily to Au, the thiol-Pd interface has not been 
extensively studied and thus many aspects regarding the chemical 
nature and structure of this system remain to be understood. 

Surface structures and chemistry 35 

Thiols adsorb on Pd(111) forming dense phases of molecules in 
standing-up configuration with α ≈14-18°.177 The analysis of the 
XPS S 2p signal (Figure 9a) shows significant amounts of total S 
(θS ≈ 0.8)177  that largely exceed those found for thiolate SAMs 
on Au, Cu, Ag and Pt. This quantity is incompatible with simple 40 

thiolates on metals due to steric reasons. Therefore, it has been 
proposed that thiols adsorb on Pd(111) at saturation coverage 
forming a complex interface that consists of thiolates (S2, BE ≈ 
162.9 eV) onto a diluted palladium sulfide (PdSx) layer (S1, BE ≈ 
162.1 eV) with θsulfide ≈ 0.4 and θthiolate ≈ 0.30 (total S coverage θS 45 

≈ 0.7).178 Another component, at approximately 164 eV (S3), has 
been assigned to different oxidized sulfur species.  
The complex adlayer has been modeled as (√7×√7)R19.1° sulfide 
+ thiol (θsulfide= 3/7 + θ =2/7) lattice, as shown in Figure 10a-a´ 
for BT. This model exhibits a larger stability than those involving 50 

simple RS• adsorbates on unreconstructed Pd(111) surfaces 
(Figure 10b,b´) 179, 180 as concluded from the analysis of the γ 
values in Table 6. Also, DFT calculations reveal that thiol 
adsorption on the PdSx surface is able to extract Pd atoms from 
the first layers forming RS-Pdad-SR moieties (Figure 10a,a´) 55 

similar to those found on thiolate-covered Au(111).181 This is 
reasonable, as aliphatic and aromatic Pd complexes forming 
[Pd(SR)2]n polymers have been prepared.182 
 
 60 

 
 

Figure 9. a) XPS S 2p of a DT SAM on Pd(111). S1 corresponds 
to sulfide, S2 to thiolate and S3 to different oxidized thiol species. 
b) XPS Pd 3d of a clean Pd(111) surface and a DT SAM on 65 

Pd(111). The dashed line indicates the BE for bulk Pd. (a-b) 
Adapted with permission from J. Phys. Chem. C, 2009, 113, 
6735–6742. Copyright (2009) American Chemical Society. c) 
XPS S 2p of DT protected PdNPs. The components are assigned 
in the same way than in a). d) XPS of the valence band region for 70 

DT protected Au and Pd NPs. (c-d) Adapted with permission 
from J. Phys. Chem. C, 2012, 116, 9830-9837. Copyright (2012) 
American Chemical Society. e) Sulfidization of PdNPs at different 
temperatures. Reprinted with permission from Nano Lett., 2013, 
13, 4893–4901. Copyright (2013) American Chemical Society. 75 

 
The presence of sulfide reflects the ability of Pd to promote a 
dissociative chemisorption process due to its d-band populated 
near the Fermi level (Figures 9d and 10e) leading to the cleavage 
of the C-S bond of adsorbed thiolates. This is produced by the 80 

electron transfer from the d-band of the metal to an antibonding 
orbital of the S-C bond. Adsorbed S and BT exhibit significant 
broadening of the molecular orbitals, as shown in Figures 10e-f. 
It is clear from these diagrams that adsorbed S passivates the Pd 
surface (Figure 10g) by shifting the d-band to lower energies 85 

(higher binding energies) and, therefore, allowing the adsorption 
of intact alkanethiolates species on top of the diluted sulfide 
layer. Also the behavior of the Pdad bonded to the BT species, 
represented by its localized d states at -2.5 eV, resembles that of 
the Auad in the staple moieties. 90 

We also performed a Bader analysis to obtain quantitative 
information about the charge transfer induced by BT adsorption. 
Results show that Pd atoms in the complex thiolate-sulfide 
adlayer have a strong positive charge (table in Figure 10). This 
prediction has been experimentally confirmed by XPS analysis 95 

since a marked positive binding energy shift of the Pd 3d signal 
in thiol-covered surfaces (Figure 9b), much larger than that found 
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for the same thiols on Au, was observed. This result was assigned 
to the contribution of Pd atoms bonded to sulfides in the adlayer.  
There are contradictory results concerning the surface chemistry 
and structure of PdNPs. In many cases possible reactions between 
adsorbed thiols and reactive PdNP surfaces have been ignored,171, 

5 
183-185, while in others massive sulfidization of thiol-capped 
PdNPs has been reported.186, 187 Recent results have shown that 
thiolates are also adsorbed on a diluted sulfide adlayer on the 
PdNP surfaces,113, 188 as in the case of planar Pd(111) surfaces.178, 

181 In fact, the total amount of S in PdNPs is about twice that 10 

found in AuNPs of a similar size, in agreement with that observed 
when thiols on Pd(111) and Au(111) surfaces are compared, thus 
revealing the presence of sulfides. Also for PdNPs three 
components are necessary to fit the S 2p signal in XPS 
measurements (Figure 9c), showing that the chemical nature of 15 

the NPs surface is very similar to the one described for SAMs on 
planar Pd surfaces. An interesting phenomenon is that the sulfide 
adlayer induces marked changes in the small PdNPs (~ 3 nm) 
structure as they become amorphous, in contrast to thiolate-
protected AuNPs that are crystalline.113 It has also been recently 20 

shown that larger amine-protected PdNPs (~ 6 nm) gradually 
transform into amorphous PdSx with the addition of an excess 
amount of OT.189  Below T = 363 K sulfidization is restricted to 
the PdNP surface, while for higher temperature sulfide diffusion 
takes place to the NP core (Figure 9e). However, it is still not 25 

clear how deep into metal cores of different sizes sulfide needs to 
diffuse to produce NPs which appear amorphous when observed 
with a transmission electron microscope (TEM).  
 
 30 
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Figure 10. Top view schemes of the surface structures optimized 45 

by DFT calculations. a) S+BT (√7×√7)R19.1° Pd(111)R b) BT 
(√3×√3)R30° Pd(111)U  c) S (√7×√7)R19.1° Pd(111)R d) BT 
c(2×2) Pd(100). a´-d´) Lateral view of the lattices shown in (a-d). 
e) DOS of the clean Pd(111),  S (√7×√7)R 19.1 and PDOS of 
adsorbed sulfide f) DOS of  S+BT (√7×√7)R19.1° and PDOS of  50 

adsorbed BT  g) Pd  2nd layer d and sp states,  Pd 1st layer d 
states, Pd adatom d states, sulfide (sp) and S from BT (sp). The 
Fermi level is aligned at the origin of the energy scale.  

 

 55 

Table 6 

Geometric and energetic parameters for the different Pd surface 
structure models discussed in the text and figures 
Surface 
structure 

Eb/eV γγγγ/eV.Å-2 
qBader/e αααα/°°°° S BT M S 

(111)R 
(√7×√7)R19.1º 

(S+BT)         
Figure 10a 

-6.17 -3.17 -0.400 +0.26 
 -0.37*  
-0.23 

5.9 

(111)U 
(√3×√3)R30º        

BT                
Figure 10b 

0.0 -3.32 -0.166 +0.04 -0.24 7.8 

(111)R 
(√7×√7)R19.1º   

S                  
Figure 10c 

-6.12 -3.62 -0.297 +0.21 -0.42* - 

(100)U       
c(2×2)-BT   
Figure 10d 

0.0 -3.37 -0.219 +0.12 -0.21 7.9 

*adsorbed S  
 60 

In our best knowledge there are not studies concerning thiol 
adsorption on the Pd(100) surface. We have presented a simple 
c(2x2) surface model for this system in Figure 10d; however, also 
in this case, one may expect S-C bond scission and sulfidization 
since the (100) face has similar catalytic properties to the Pd(111) 65 

face.190 Sulfidization of PdNPs with sizes larger than 3nm 
supports this assumption as they have ≈ 30% of (100) faces. 
However, is evident that, as in the case of Pt, we need more 
experimental and theoretical works on thiol adsorption on 
Pd(100). 70 

In conclusion, both in planar and PdNP surfaces sulfide is formed 
due to the S-C bond scission during alkanethiol self-assembly or 
cluster growth, respectively. As a result of that, thiol SAMs on Pd 
are formed by a mixed thiolate + sulfide layer. 

2.6. Nickel 75 

Metals such as nickel, cobalt and iron are of interest because of 
their magnetic properties191, 192 and self-assembled alkanethiol 
films on these metals are used for patterning, surface 
functionalization, protection against oxidation, as well as in 
molecular electronics and spintronics.193 Also, magnetic fluids 80 

made of NiNPs provide excellent properties to be used as 
sealants, shock absorption materials, in medical equipment and 
optical displays. Another application area of NiNPs is the 
separation and purification of cells and biomolecules in 
bioprocesses.194 NiNPs should be efficient catalysts for chemical 85 

reactions such as hydrogenation and treatment of exhaust gas to 
reduce harmful chemicals. The synthesis of NiNPs is challenging 
because of their propensity to oxidation in ambient conditions. In 
principle, the use of thiolates is an attractive alternative to protect 
these particles. However, thiol adsorption could modify the 90 

electronic and geometric properties of NiNPs, hindering their 
catalytic properties. In fact, not only can adsorbed thiols diminish 
its catalytic activity in H sensors 27,52 but also long alkyl chains 
may prevent metal-hydrogen interaction.32 Finally, the synthesis 
of thiolate-protected NiNPs is complex, with formation of 95 

unexpected intermediates or products. Therefore, any application 
of thiol-based devices needs a careful characterization of the 

thiolate-Ni interface. 

Surface structures and chemistry 

Thiols adsorb on Ni(111) from the gas phase to form dense 100 

SAMs. In the case of MT the adsorption process leads to 
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substrate reconstruction.195 Thus, the Ni(111) substrate forms a 
low density outermost square Ni layer (pseudo-(100)) with the 
organic molecules at hollow sites, as observed for this short 
alkanethiols on the Cu(111) surface (see Figure 5a). On the other 
hand, dense SAMs comprised of long alkanethiols can also be 5 

self-assembled on polycrystalline Ni and Ni(111) surfaces from 
solution, although in this case the outer NiO layer must be 
previously chemically or electrochemically reduced to Ni(0). In 
most cases the surface structure has been considered as simple 
RS• adsorbates yielding a (√3×√3)R30° Ni(111) surface as 10 

shown in Figure 11a,a´.15 However, a detailed XPS analysis of 
thiol SAMs on Ni gives a more complex scenario resembling that 
of the thiol SAMs on Pd. In fact, DT SAMs on polycrystalline Ni 
exhibit S 2p signals with three components at BEs 161.9 eV (S1), 
162.5 eV (S2), and 163.5 eV (S3) (Figure 12a) that could be 15 

assigned to atomic S, adsorbed thiolates and free thiols, 
respectively. Similar to Pd, the total S 2p/Ni 2p ratio indicates a 
large excess of total S when compared to that expected for a 
dense phase of these species on Au or Ag. Also in this case the Ni 
2p signal shows evidence of oxidized Ni species (Figure 12b). 20 

The presence of thiolates is supported by comparing the S 2p and 
Ni 2p spectra (Figure 12a-b) with those recorded for synthesized 
Ni(II)-thiolate (Figure 12c-d). Also, FT-IR spectra have 
confirmed the presence of intact hydrocarbon chains in thiol 
SAMs on the Ni surface.196 On the basis of this evidence, one 25 

could consider a surface structure composed of thiolates formed 
on top of nickel sulfide (NiSx). C-S bond scission has already 
been reported for adsorbed thiolates and determined that the 
extent of scission depends on the initial substrate condition and 
alkanethiol coverage.195, 197-199 30 
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Figure 11. Top view schemes of the surface structures optimized 
by DFT calculations. a) BT (√3×√3)R30° Ni(111)U   b) S+BT 
(√7×√7)R19.1° Ni(111)R  c) BT (5√3×2) Ni(111)R   d) BT (2×2) 
Ni(100)U .a´- d´) Lateral view of the lattices shown in (a-d). e) 50 

DOS of the clean Ni(111)  f) DOS  S+BT (√7×√7)R19.1° and 
PDOS of adsorbed BT g) PDOS of Ni 1st layer d and sp states, Ni 
adatom d states, sulfide (sp)  and S from BT (sp). The Fermi level 
is aligned at the origin of the energy scale  
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Table 7 

Geometric and energetic parameters for the different Ni surface 
structure models discussed in the text and figures 
Surface 
structure 

Eb/eV γγγγ/eV.Å-2 
qBader/e αααα/°°°° S BT M S 

(111)U 
(√3×√3)R30º    

BT  
Figure 11a 

0 -3.67 -0.229 +0.08  -0.42 10.1 

(111)R 
(√7×√7)R19.1º 

(S+BT)         
Figure 11b 

-4.84 -3.44 -0.572 +0.41 
-0.70* 
-0.35 

12.7 

(111)R  
(5√3×2)- (S+BT)   

Figure 11c 
-5.68 2.22 -0.550 +0.33 

-0.58* 
-0.24 

20.3 

(100)U         
(2×2)-BT      

Figure 11d 
0.0 -4.47 -0.181 +0.13 -0.54 16.3 

*adsorbed S  
The onset of S-C bond scission for low MT exposures was 60 

reported to occur well below room temperature;197-199 however, in 
the presence of pre-adsorbed S the reaction takes place above 
room temperature.197, 198, 200 Also, benzenethiolate adsorbed on 
Ni(111) starts to form benzene at 290 K200 a reaction where the 
adsorbed H from the S-H bond scission plays a key role. These 65 

facts strongly support that, after the initial C-S bond scission, the 
adsorbed S passivates the reactive Ni surface in a similar fashion 
to that reported for the Pd substrate. We have explored the 
stability of thiol+S adlayers on Ni by testing the same 
(√7×√7)R19.1° S + thiol (θsulfide= 3/7 + θ =2/7) lattice used for 70 

Pd(111) (Figure 11b,b´). and a pseudo-(100) S-Ni surface in a 
(5√3×2) unit cell (θsulfide ≈ 0.4 and θ ≈ 0.30) (Figure 11c,c´).  

Results showed that these reconstructed surfaces exhibit a 
stronger adsorption energy and greater stability than those shown 
by the plain RS• (√3×√3)R30° (Figure 11a,a´). Note that the 75 

(√7×√7)R19.1° S + thiol model also generates RS-Niad-SR 
species as in the case of Pd. 
An analysis of the PDOS for S+BT (√7×√7)R19.1° Ni(111) 
clearly shows that both S and BT strongly bind to the Ni surface, 
since not only the adsorbates but also the clean metal modify 80 

their electronic structure upon adsorption (Figure 11e-g). Ni 
surface promotes the dissociative chemisorption process due to its 
d-band being populated near the Fermi level (Figure 11e), which 
leads to the cleavage of the C-S bond of adsorbed thiolates in a 
similar way to Pd surface. These diagrams confirm that adsorbed 85 

S passivates the Ni surface (Figure 11g) by shifting the d-band to 
lower energies, and therefore, allowing the adsorption of intact 
alkanethiolates species (Figure 11g). Similar to Au and Pd the d-
state of the Niad in the nickel thiolate is narrow compared to the 
topmost Ni surface atoms indicating its molecular behavior. 90 

The adsorption of MT on the (100) plane of Ni was also 
investigated at 100 K.199 Results are qualitatively similar to those 
obtained for atomic S on this surface, which is known to adsorb 
in the fourfold hollow site on Ni(100). Attempts to optimize BT 
on the (100) surface in c(2×2) with θ = 0.50 failed, likely due to 95 

the small RS• interdistance (less than 0.35 nm) leading to 
repulsion between hydrocarbon chains. In contrast, BT is 
stabilized in a (2×2) lattice with θ = 0.25 with d = 0.497 nm 
(Figure 11d,d´). This lattice has been observed at saturation 
coverage of cyclohexanethiol on Ni(100).201 However, C-S bond 100 

scission of this molecule was observed at 240 K whereas DFT 
calculations were performed at 0 K. Therefore, one may also 
expect thiolates adsorbed on a S-covered Ni(100) surface, as 
evidenced for the Ni(111) surface.  
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Figure 12. a) XPS S 2p of DT SAM on polycrystalline Ni. S1 is 
assigned to sulfide, S2 to thiolate and S3 to unbonded thiol 
species. b) XPS Ni 2p of DT SAM on Ni. c) XPS S 2p of DT 
protected NiNPs and DT-Ni(II). d) XPS of Ni 2p of DT protected 
NiNPs and DT-Ni(II). (c-d) Adapted with permission from 5 

Langmuir, 2013, 29, 4670-4678. Copyright (2012) American 
Chemical Society 

The synthesis of thiolate-protected NiNPs has been scarcely 
explored and their chemistry is not fully characterized.202, 203 
Recently a detailed analysis of DT-protected NiNPs (~4 nm in 10 

diameter according to TEM) prepared by the one-phase Brust-
Schiffrin method204 reveals, as in the case of thiolate SAMs on 
planar Ni, a large excess of S that include Ni(II)-thiolate, and free 
thiols as shown in Figure 12c. 205 Also, the Ni 2p peak shows 
evidence of Ni(II)-thiolate (Figure 12d). IR data indicate that the 15 

DT-protected NiNPs exhibit more disordered alkyl chains than 
those found for DT-protected AuNPs of the same size. 
Interestingly, the component assigned to sulfide in the planar 
surfaces (BE ≈ 169.9 eV in Figure 12a) is not observed in the 
NiNPs and, accordingly, they are crystalline. One should 20 

remember that the mechanism of SAM formation on these NPs 
should differ from that of SAM formation on flat Ni surfaces 
since in the former case thiol molecules associate first with Ni(II) 
species in solution, and then with NPs surface. Thus, it is 
reasonable to think that the Ni(II)-thiolate largely predominates 25 

on the NiNP surfaces. A similar situation was observed for TMA-
capped AuNPs prepared by the same synthesis where Au(I)-TMA 
is the main specie on the AuNP surface.206  

3. General Discussion 

The preceding analysis of thiol adsorption on different metals 30 

shows the complexity of the surface structure and chemistry and 
how it changes with the nature of the metallic surface. We will 
discuss these topics starting with the interactions of thiols with 
the clean metal surfaces, then the surface chemistry of the 
thermodynamically stable dense structures, and finally, the 35 

chemical species involved in SAM degradation and desorption. 

3.1. Surface stability and reconstruction  

We start the discussion by considering the RS• radicals forming a 
hypothetical (√3×√3)R30° lattice on the unreconstructed (111) 
metal surface. Following the approach in Ref70 we consider that 40 

the binding energy Eb has two components—one from the 
coupling to the metal s states and the other due to the extra 
coupling to the d states. Since the contribution from the coupling 
to the metal s states is approximately the same for each of the 
metals considered here, the main trends in the Eb should be given 45 

by the coupling to the d electrons. The analysis of DFT data for 
the (√3×√3)R30° lattices on the U surfaces indicates that, as we 
move from the Cu group to the Ni group, the RS• radical has a 
larger Eb, and therefore the surface structures have larger stability 
in terms of γ values (see the corresponding Tables). In addition, 50 

further down the same group interactions become weaker; i.e. the 
5d metals are less reactive, and the surface structure has lesser 
stability than in the case of the 4d and 3d metals. The first effect 
can be explained by considering that the Ni group metals have d 
bands with higher energy, and more empty antibonding 55 

adsorbate–metal d states than the Cu group, as shown in the 
PDOS for the clean metals in the corresponding Figures. In fact, 
for Cu, Ag, and Au the antibonding states are completely filled 
because the d bands are well below the Fermi level. As we move 
to the Ni group, d bands shift up and the antibonding states 60 

become depopulated, resulting in stronger RS-Me bonds.70 
Concerning the second effect, Cu, Ag and Au have a filled d band 
and, accordingly, a small contribution to the bonding from the 
emptying of antibonding S p–metal d states. However, there is 
still a contribution from the interaction between the metal d 65 

electrons and the S p states. The Pauli principle states that S p 
states have to become orthogonal to the metal d states when they 
come into contact. This raises the kinetic energy by an amount 
proportional to V2

ad; i.e. the stronger the overlap, the larger the 
repulsion. In this context the variation in adsorption strength from 70 

Cu to Au is mainly determined by the Pauli repulsion as Au has 
the most extended d states, the largest V2

ad, and therefore the 
largest repulsion. This makes RS• adsorbates less stable on Au 
and Ag than on Cu. Using the same arguments RS• adsorbates 
are expected to be less stable on Pt and Pd than on Ni surfaces.70 75 

There is also other interesting analysis resulting from the electron 
transfer from the substrate to the S-head atom of thiols. The 
Bader analysis for the RS• adsorbates forming (√3×√3)R30° 
lattices on the (111) U surfaces shows that the negative charge on 
S atom of the RS• radical increases from Au (-0.23e) to Cu (-80 

0.44e) and from Pt(-0.11e) to Ni(-0.44e). Accordingly, the 
accumulated positive charges on the metal follow the same trend, 
leading to the presence of surface dipoles. The thiolate 
interdistance d decreases as the lattice parameter of the metal 
decreases from Au to Cu and from Pt to Ni. Thus, repulsion 85 

between the positive adjacent charges of dipoles could produce 
weakening of the Me-Me bonds, favoring reconstruction.207  
Therefore, for the (111) surfaces of the coinage metals surface 
reconstruction proceeds in order to improve the RS-Me bond 
strength and to lower the repulsion. This is done by ejecting metal 90 

surface atoms to form thiolate-metal complexes (Au) or by 
creating vacancy-rich metal surfaces (Ag, Cu), a process which in 
turn depends on the cohesion energy. On the other hand, Pt 
exhibits the lowest surface dipole and the highest cohesive 
energy, and thus reconstruction should be difficult for this 95 

surface, i.e. the surface can be described in terms of RS• 
adsorbates on (√3×√3) R30°. In fact, in contrast to the Au case, 
the Pt-Pt binding energy is much greater than the Pt-S binding 
energy, making it unlikely that a Pt atom would hop off the 
surface to form a dimer-like configuration such as RS-Ptad-RS.15 100 

In the case of Pd and Ni surfaces the situation is complicated by 

Page 16 of 23RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |  17 

the S-C bond scission of the thiol molecules that results from the 
initial contact between the clean metal surfaces and adsorbed 
molecules, leading to S-rich surfaces as discussed below.  
One might ask why reconstruction has not been experimentally 
observed for the (100) Au, Ag, and Pt surfaces, even if surface 5 

dipoles are also present. The reason could be the strong stability 
of thiols on these lattices (see γ values in the Tables) which is 
even higher than that found for the same thiols on the (111) 
surfaces.  

3.2. The structure and chemistry of the reconstructed 10 

surfaces 

The previous analysis allows us to conclude that alkanethiol self-
assembly leads to reconstruction of the Au(111) surfaces with 
formation of RS-Auad-SR complexes, while protection of the 
metallic core of Au nanoclusters (< 2nm in size) is made by both 15 

RS-Auad-SR and RS-Auad-SR-Auad-SR moieties. The formation 
of RS-Auad-SR complexes originates vacancies at the Au surface 
(θvac = 1/6). Also thiol adsorption induces surface reconstruction 
to form low density outer metal layers on Ag(111) (θvac = 2/7) 
and Cu(111) (θvac 1/3), i.e. with large number of vacancies at the 20 

metal surface. In these cases the S-head is coordinated to 
threefold and fourfold coordinated hollow sites, respectively, 
without formation of RS-Mead complexes. This difference 
between Au (RS-Mead) and Cu surfaces (RS- adsorbed at highly 
coordinated sites) could be assigned to the more ionic character 25 

of the S-metal bond of Cu30 and Ag than Au. Note that the 
vacancy model has been also consistent with experimental data of 
AgNPs ≈2 nm, where the surface structure is compatible with that 
found for the reconstructed Ag(111) surface. In contrast, smaller 
Ag and Cu clusters (< 2nm) are protected by more complex 30 

RSmMen species.  
One interesting conclusion from the comparative analysis of this 
group is that the difference in γ values between the thiols on the R 
and U (111) substrate surfaces smears out as the hydrocarbon 
chain length increases. It seems that optimization of the vdW 35 

interactions between long alkyl chains in the reconstructed 
surface lattices forces displacement of the metal surface atoms 
into slightly unfavorable energetic positions, a fact that reflects in 
slightly higher Er values. This opens an interesting question about 
the possible coexistence of U and R domains on SAMs of 40 

intermediate chain length, and perhaps only U domains for the 
longest thiols.  
Concerning adsorbed thiolates on the (100) surfaces of all these 
metals, the DFT calculations reveal that they exhibit a better 
stability than the respective (111) faces in terms of γ, as shown in 45 

the corresponding Tables. Therefore, we expect RS• adsorbates 
rather than a significant surface reconstruction with surface atom 
ejection or formation of RS-Mead complexes. The exception is 
thiols on the Cu(100) surface in electrolyte solution where RS-
Cuad species has been observed by STM. However, in this case 50 

these species can be favored by the enhanced formation of Cuad in 
the electrolyte solution and under an applied potential to the 
electrochemical interface.  
On the other hand, one would expect no reconstruction on the 
Pt(111) surface but extensive reconstruction on the Pd(111), 55 

Ni(111), Pd(100) and Ni(100) surfaces where thiol adsorption 
leads to the formation of the complex metal thiolate and sulfide 
structures due to C-S bond scission.  

3.3. Thiolate decomposition 

The ability for molecular dissociation for the catalytically active 60 

Ni group surfaces decreases from Ni to Pt. In fact, the less 
reactive among these metals is Pt, which requires T ≈ 300 K to 

induce some C-S bond scission, while this reaction proceeds well 
below room temperature for clean Pd and Ni surfaces. The 
analysis of the PDOS indicates that, upon thiol adsorption, there 65 

is an electron density transfer from the metal d-band to the 
antibonding molecular orbitals of thiol molecules that weakens 
the S-C bond, resulting in its elongation and final breakage. We 
propose that this process involves the interaction between the C1 
atom of adsorbed thiolates and the catalytically active metal 70 

surface. This interaction is favored when thiolate molecules are in 
LD configuration, compared to thiolates in SU configuration. On 
the other hand, it is expected that short thiols have a longer 
residence time in LD configuration on the metal surface than 
longer thiols that rapidly reorganize in the SU configuration 75 

driven by the stronger vdW interactions and also to increase the 
number of thiolate bonds on the surface. Therefore, the amount of 
S should depend on the efficiency of the metal surface for the C-S 
bond cleavage during the residence time of the molecule in the 
LD configuration. It is evident that Pd and Ni surfaces are more 80 

catalytically active than Pt explaining the significant amount of 
atomic S on these surfaces. After S formation, the center of the d-
band is lowered in energy with respect to the clean surface, i.e. 
the surface is “passivated” allowing adsorption of intact thiol 
molecules and SAM formation. This process is 85 

thermodynamically favored as the stability of the thiolate+S 
lattices is higher than that of plain adsorbed thiolates, as shown in 
Tables 5,6, and 7 for all these metals. It is reasonable that the 
strong S adsorption on Pd and Ni promotes surface reconstruction 
despite the relatively high cohesion energies of these surfaces. 90 

The sulfidization process should be restricted to the first surface 
layers or to the bulk metal depending on the temperature due to 
energy barriers for S diffusion.  
On the other hand, for the Cu group also some sulfidization of the 
surfaces had been observed even though the mechanisms of this 95 

process can be related to side reactions and chemical degradation 
of the layer, as discussed in what follows.  

3.4. Chemical degradation and contamination 

Exposure to ambient conditions can result in the formation of 
certain amount of disulfides and sulfonates. In particular, thiol 100 

desorption by oxidation of thiolates is the preferred pathway for 
Au, Ag, Cu and Pt surfaces. This process takes place in ambient 
conditions and also in liquid phases, such as ethanol. Indeed, the 
presence of light and O2 promotes thiolate oxidation to disulfides 
and also to sulfonates. Both species are easily desorbed from the 105 

surface (the adsorption energy is too weak) so that continuous 
exposure in ambient conditions results in slow degradation of the 
SAMs. This process involves O3, formed via UV visible radiation 
and O2 molecules, which react with the S-heads forming oxidized 
S products. The rate of these side reactions also depend on the 110 

electrolyte and solvent where these products can be solubilised 
thus conditioning the liquid-media where SAMs can be formed, 
used and stored. 
SAM degradation produces NPs sintering even at room 
temperature, as shown in TEM images of MBA-protected AgNPs 115 

(Figure 13a) two weeks after their synthesis (Figure 13b). XPS S 
2p data for the aged AgNPs (Figure 13d) show that the total 
amount of S slightly decreases with respect to that of the freshly 
prepared AgNPs (Figure 13c), although the 162 eV component 
corresponding to thiolates decreases and the 163 eV component, 120 

corresponding to disulfides, increases. A similar behavior has 
been reported during the aging of SAMs on planar Au surfaces.208 
The degradation of the protective MBA layer results in sintering 
by neck formation between adjacent NPs, and therefore, the 
increase in AgNP size from 6 nm to 15 nm (Figure 13a,b). These 125 

data show that sintering takes places even with a small 
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degradation of the thiolate layer, as recently reported for 
AuNPs.84 Also, DT-capped AuNPs at 323 K approach and grow 
into large single or twinned crystals because of the van der Waals 
attraction and the heat generated by the exothermic formation of 
disulfides.209 Interestingly, recent thermogravimetric analysis and 5 

differential scanning calorimetry  measurements on AuNPs with 
the same thiol capping but different size show that larger NPs 
lose ligands and sinter faster than smaller NPs, suggesting a 
greater stability of the ligand shell on smaller NPs.84 This can be 
explained by considering the curved surfaces of smaller NPs that 10 

have a large number of defective sites, where thiols are more 
strongly bonded than at the facets of larger NPs. Indeed, highly-
nanostructured surfaces had shown to preserve SAMs-integrity 
respect to planar low-defect surfaces.208 
Sintering processes at low temperature are important for 15 

applications of metallic NPs as precursor inks for metallic thin 
films and patterns. Also, non-bonded thiol molecules 
(physisorbed) can be present in the SAMs. They can be trapped 
by chain-chain interactions or hydrophobic forces in aqueous 
media, both leading to interdigitation, or hydrogen bonding 20 

between COOH, NH2 and OH terminal groups of the 
chemisorbed thiolates and those of the free thiol molecules.210 
Small amounts of other contaminants can also be found in thiol 
SAMs, like small quantities of oxides/hydroxides for reactive 
metals such as Cu or Ni when prepared from the liquid phase or 25 

after partial degradation in ambient conditions.  
There are other interesting chemical processes when self-
assembly is performed in liquid phase that result in dramatic 
changes in surface chemistry. In fact, SAMs of some small thiols 
(like MT, small thiols with terminal COOH groups or containing 30 

N atoms) prepared in liquid phase exhibit significant amounts of 
atomic S. In these cases the solvent facilitates either the C-S 
cleavage reaction or the formation of disulfides (RS-SR) species 
that can undergo a further decomposition to atomic S leading to 
fast sulfidization, as shown for 4-mercatopyridine in aqueous 35 

solutions (Figure 13). The presence of atomic S is not only 
reflected by the increase in the S 2p signal at 161 eV but also by 
changes from island-like structure to vacancy island structure of 
the Au surface induced by the strong S-Au bond. Some other 
thiol molecules, such as thioacetic acid, are highly unstable even 40 

in nonpolar solvents, resulting in a fast and complete sulfidization 
of the Au substrate.211 Solvent-mediated decomposition and 
sulfidization have also been reported for MT.212 In the case of 
TMA SAMs on Au(111) the mechanism involves the charge 
withdraw by the S atom from the gold surface, and the 45 

stabilization of the negatively charged leaving group by 
electronic resonance with the carboxylic group at alpha position 
to C-S bond66. Also Au can exhibit some catalytic activity for 
organic reactions, including C-S bond breaking, due to the 
presence of a high defect density at nanoparticle surfaces. 50 

Therefore, we expect more atomic S for this kind of short thiols 
on NPs, irrespective of the method used for their synthesis. 
Finally, in order to find proper conditions and materials able to 
reduce SAM degradation, thiolate-Me and thiolate-environment 
interactions need to be considered. In nanostructured metal-55 

surfaces a compromise effect between reactivity (catalytic 
activity in C-S bond breaking) and S-Me bond strength (that 
hinders the thiolates avoiding disulfide formation), determines the 
surface chemistry and stability of the resulting SAM. To further 
understand this problem more research is needed regarding 60 

SAM’s degradation on (100) metal surfaces.  
 

 
Figure 13. MBA capped Ag NPs a) freshly prepared and b) after 
14-day aging (TEM images taken by Dr. Eugenia Zelaya at CAB-65 

CNEA). (c) and (d) XPS spectra of NPs shown in (a) and (b) 
respectively. a, c an d) Adapted with permission from J. Phys. 
Chem. C 2013, 117, 24967-24974. Copyright (2013) American 
Chemical Society. (e) Au islands in a 4-MPy SAM on Au(111). (f) 
Monoatomic height pits in a degraded 4-MPy SAM on 70 

Au(111)leading a S-Au SAM. (g) XPS spectra of nondegraded 4-
MPy SAM on Au(111) (h) Sulfide covered Au(111) after 
degradation of the 4-MPy SAM. (e-h) Adapted with permission 
from Langmuir, 2012, 28, 6839-6847. Copyright (2012) 
American Chemical Society. 75 

 

4. Conclusions 
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We have made an extensive revision of thiolate SAMs on (111) 
and (100) surfaces of the Cu and Ni group metals, which have a 
wide range of technological applications ranging from medicine 
to spintronics. In particularly a detailed analysis of S-Me 
interactions, vdW forces, and the thermodynamic stability that 5 

guide the self-assembly of thiols into dense surface structures for 
Au, Ag, Cu, Pt, Pd and Ni has been made. The comparative study 
allows us to explain surface reconstructions in terms of vacancy 
production and complex thiolate-metal formation in the case of 
coinage metals, and the key role of adsorbed S on thiol self-10 

assembly on the catalytically active Ni group metals. Differences 
and similarities between planar, nanoparticle, and nanocluster 
surfaces related to the surface chemistry have also been 
highlighted. The presence of S on the coinage metals is also 
discussed in relation to the thiol molecules, presence of 15 

impurities, solvent used and surface defects. Finally, we have 
analyzed the consequences of SAM degradation via disulfide, a 
pathway common for all metal surfaces, and the possible 
formation of multilayers via vdW forces between non-bonded 
thiols.  20 

Future directions and challenges for these systems should 
involve: 1) the experimental determination of the mixed 
S/thiolate surface structure of the Ni group metals, 2) the 
identification of the self-assembly or environmental conditions 
that influences the degradation of the adsorbed thiolates on the 25 

Cu group metals, in particular on the more reactive metal 
nanoparticle surfaces, 3) the impact of the S atoms on the 
poisoning/activation of the catalytic  properties and electronic 
behavior of the functionalized surfaces, 4) a detailed experimental 
study on thiolate structure and surface chemistry on the (100) 30 

surfaces, which have been scarcely studied and are important for 
a complete understanding of thiolate-protected metal 
nanoparticles.  
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