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Through  Density  Functional  Theory  calculations  (with  and without  long  range  dispersion  corrections)
we  investigate  and  compare  the  stability  of  a large  set of structures  involving  methanetiol  molecularly
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adsorbed  on  Au(1  1  1).  In particular,  we consider  possible  cooperative  effects  like the  formation  of dimers
and chains  of molecules  interacting  through  SH·  ·  ·SH H-bonds.  We  conclude  that  structures  of dimer  H-
bonds  are  the  most  stable  ones  for molecular  coverages  1/6 ��≤  1/3.  For  this  range  of  coverages,  a  dimer
H-bond  moiety  can  act  as  a  precursor  for  the  S-H  bond  scission  process  through  a  cooperative  H  transfer
mechanism.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

The great range of possible technological applications of
elf-assembled monolayers (SAMs) formed by alkanethiols,
S(CH2)n−1CH3, deposited on surfaces have motivated a huge num-
er of experimental and theoretical studies during the last years
see e.g. [1–6] and references therein). Many studies have been
ocused on the structure and stability of monolayers involving
hemisorbed thiolates formed after the scission of the S-H bond see
.g. [6,7]. However, some attention has been also payed to molec-
larly adsorbed states because they are often considered possible
recursors for the S-H bond scission process.

For HSCH3, low temperature scanning tunneling microscopy
STM) experiments indicate that the molecules adsorb almost flat
n the surface with the S atom on top of a single Au atom (i.e. on

 top site) [8–10]. At low coverages and 5K, Maksymovych etal.
8] observed dimers of HSCH3 molecules after using the STM tip to
pply a voltage pulse on individually adsorbed molecules in order to
pproach them to each other. From the analysis of the STM images
nd Density Functional Theory (DFT) calculations, it was  proposed
hat the observed dimers are formed by two molecules sit on near-
st neighbor Au atoms. Nenchev etal. [10] observed spontaneous

imerization of intact HSCH3 molecules on Au(1 1 1) for a wide
ange of coverages. Based on DFT calculations, the authors sug-
ested that these dimers might consist in one molecule adsorbed

∗ Corresponding author.
E-mail addresses: lustemberg@ifir-conicet.gov.ar, lustemberg@gmail.com

P.G. Lustemberg).

ttp://dx.doi.org/10.1016/j.cplett.2014.07.064
009-2614/© 2014 Elsevier B.V. All rights reserved.
with the S atom near a top site and the other over a bridge site.
However, the very small energy gain associated with the formation
of such dimers and the lack of dispersion effects in their DFT calcu-
lations did not allow the authors to unambiguously conclude about
the precise structure of the dimers observed in the STM images [10].

Though hydrogen bond (H-bond) interaction between alka-
nethiols are expected to be weaker than between molecules
containing oxygen atoms (e.g. alcohols), there exists in the liter-
ature evidence of its effect on the SH infrared absorption mode
frequency [11] and association of several thiols in carbon tetra-
chloride and chlorobenzene [12]. More recently, Russell etal. [13]
observed the formation of dimers of H2S molecules bound through
H-bonds on Ag(1 1 1), and Askerka etal. [14] concluded that H-
bonds can stabilize dimers of methanethiol molecules adsorbed on
Au20 clusters, favoring the S-H bond scission.

The latter results suggest that the often neglected role of H-
bonds on the molecular adsorption and dissociation of alkanethiols
on Au(1 1 1) might be more important than expected. To the best of
our knowledge, no systematic study on the role of intermolecular
H-bonds between methanethiol molecules adsorbed on Au(1 1 1)
and its possible connection with the dimers observed in STM exper-
iments has been reported. In this paper we report a study based
on DFT calculations (with and without dispersion corrections) of a
large set of structures of methanethiol molecules on Au(1 1 1) from
small coverages up to a full monolayer. We  show that for cover-
ages close to saturation, dimers of methanethiol molecules bound

through a SH·  · ·SH bond give rise to the most stable adsorption
structures. Moreover, we  show that this Dimer-H-bond plays the
role of precursor state for the S-H bond scission through a concerted
H-transfer reaction pathway. The paper is organized as follows. In

dx.doi.org/10.1016/j.cplett.2014.07.064
http://www.sciencedirect.com/science/journal/00092614
www.elsevier.com/locate/cplett
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cplett.2014.07.064&domain=pdf
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ection 2 we describe the methods employed in the present calcu-
ations. Then, in Section 3 we present the results and discussions,
nd finally in Section 4 we summarize the conclusions of our study.

. Computational details

All the DFT calculations were carried using the slab-supercell
pproach [15], within the generalized gradient approximation
GGA) proposed by Perdew, Burke and Ernzerhof (PBE) [16] to
ccount electronic exchange and correlation (XC). The one-electron
hon-Sham orbitals have been expanded in a plane wave basis set

with a cut-off energy of 400 eV) and the electron-core interac-
ion has been represented within the projected augmented wave
PAW) method [17]. Electron smearing was introduced following
he Methfessel-Paxton technique [18] with � = 0.2 eV, and the total
nergies were extrapolated to 0 K.

The Monkhorst-Pack method [19] was employed to select k-
oint meshes in reciprocal space characterized by a density (for
ll the unit cells considered) equal to or slightly higher than the
ne corresponding to a 25 × 25 × 1 k-points mesh for a 1 × 1 cell
f the Au(1 1 1) surface: e.g. 5 × 5 × 1 for a 5 × 5 cell, 9 × 9 × 1 for

 3 × 3 cell, 13 × 9 × 1 for a 2 × 3 cell, etc. All the calculations were
pin-restricted, and have been carried out with the Vienna Ab-initio
imulation Program (VASP) [20–24].

In order to introduce long-range dispersion corrections we  have
sed the so called DFT-D2 approach proposed by Grimme  [25].
hus, the total energy is written as a sum of the DFT-PBE total
nergy, EPBE, plus a sum of long-range pairwise potentials between
toms as follows:

 = EPBE + s6

∑

i /=  j

fSO(rij)
Cij

r6
ij

. (1)

n Eq. (1) s6 is a global scaling factor (equal to 0.75 for PBE), rij is the
istance between atoms i and j, and fSO is the switch-off function:

SO(rij) = 1

1 + e−d(rij/Rij−1)
(2)

ntroduced to avoid short-range corrections to the DFT total ener-
ies. The Cij and Rij parameters for a pair of atoms i and j were taken,
s usual, using the expressions:

ij =
√

CiCj (3)

nd

ij = Ri + Rj

2
, (4)

eing Ci and Ri species-specific parameters whose values for H, S
nd C have been taken from ref. [25]. For Au, we have used the
alues proposed and validated by Gross et al. [26] from the use of

 QM:QM hybrid approach: i.e. CAu=21.227 J nm6/mol (220 eV Å6),
nd RAu=1.772 Å.

All geometry optimizations were carried out using both the
onjugate-gradient and quasi-Newton minimization methods. The
esulting equilibrium bond lengths for HSCH3 in vacuum are: dS−C

 1.82 Å, dS−H = 1.35 Å, dC−H = 1.10 Å, whereas the angle between
he adjacent bonds �C−S−H is 96.8 ◦. All these theoretical structural
arameters are in excellent agreement with the experimental val-
es reported in ref. [27]: dexp

S−C = 1.82 Å, dexp
S−H = 1.34 Å, dexp

C−H = 1.09 Å,
nd �exp

C−S−H = 96.5 ◦. The theoretical lattice constant obtained for Au
ulk (using a 25 × 25 × 25 k-point mesh) was aAu = 4.115 Å, also in
ood agreement with the experimental value, aexp

Au = 4.08 Å[28]. The

u(1 1 1) surface was represented by a four-layer (one mobile and

hree fixed) slab separated from its periodic images by a vacuum
egion of ∼ 21 Å. The optimization of the distance between the two
utermost layers of the slab gave an almost negligible contraction
 Letters 610–611 (2014) 381–387

with respect to the value in Au bulk as usual for the closest packed
1 1 1 faces of face centered cubic metals. During the geometry opti-
mizations we have allowed the relaxation of all the atoms of the
molecules and the Au atoms in the surface topmost layer (i.e. we
have kept fixed the positions of all the other Au atoms as in bulk).

The adsorption energy per molecule, ε, has been computed using
the expression:

ε = 1
N

[ENMet@Au(1 1 1) − EAu(1 1 1) − NEMet], (5)

where N is the number of methanethiol molecules per unit cell,
and ENMet@Au(1 1 1), EAu(1 1 1) and EMet are the total energies of the N-
molecule/Au(1 1 1) system, the clean Au(1 1 1) surface, and a single
methanethiol molecule in vacuum, respectively. Thus, negative ε
values correspond to exothermic adsorption. Test calculations indi-
cate that the selected DFT settings (k-points, energy cut-off, etc.)
give rise to errors of the ε values, smaller than 0.01 eV.

In order to search dissociation minimum energy pathways and
the corresponding transition states (TS), we  have employed the
climbing image nudged elastic band method (CI-NEB) [29–33] fol-
lowed by a minimization of the forces on each atom using the
quasi-Newton algorithm implemented in VASP. For every resulting
TS configuration, we  have diagonalized the Hessian matrix of the
molecule-surface potential energy surface and verified the exist-
ence of only one imaginary frequency.

3. Results and discussions

It is well established that a single methanethiol molecule
adsorbs on Au(1 1 1) with the S atom approximately on top of a
Au atom (dS−Au ∼ 2.6 Å), the S-H and S-C bonds almost parallel to
the surface and the methyl group on a hollow site (but it can rotate
almost freely around the S atom) [34,3,5]. In order to investigate
possible cooperative interactions between methanethiol molecules
on Au(1 1 1) we  have considered a large set of structures involving
molecules:

1. adsorbed on top sites and with the distance between the S atoms
of nearest neighbor (NN) molecules larger than ∼5 Å; i.e. avoid-
ing adsorption on top of NN Au atoms, (hereafter referred to as
Monomer structures)

2. adsorbed with the S atom of NN molecules on top of NN Au atoms
(hereafter referred to as Dimer structures),

3. forming dimers through an H-bond S-H· · ·S-H and with the two
S atoms of this dimer separated from the S atom of any other
molecule by more than ∼5 Å, (hereafter referred to as Dimer-H-
bond structures),  and

4. forming a chain of molecules connected with each other through
an H-bond S-H· · ·S-H, (hereafter referred to as Chain-H-bond
structures).

In Figure 1 we show a representative example of each kind of
structures considered. Panels a and b correspond to a Monomer-
and Dimer-structure, respectively. The positions of the two
molecules forming a Dimer-H-bond is shown in panel c. This
structure is very similar to the optimum one obtained for two
methanethiol molecules in vacuum. One molecule (that plays the
role of H donor) is closer to the surface and adopts a geometry sim-
ilar to the monomer shown in Figure 1a (i.e. approximately flat on
the surface and with the S atom near a top site). The other molecule
(that plays the role of H-acceptor) is further away from the sur-

face and the S-H bond points to the surface (Fig. 1c). Finally, in the
Chain-H-bond structures (Fig. 1d) one every two  molecules is in a
configuration similar to the monomer (Fig. 1a) whereas the other
(further away from the surface) has its S atom near a hollow site.
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Fig. 1. Top and side view of the different kind of molecular states investigated: (a) Monomer, (b) Dimer, (c) Dimer-H-bond, and (d) Chain-H-bond states. Red atoms: S, black
atoms:  C, white atoms: H, and yellow atoms: Au. Some relevant inter-atomic distances for each structure are given in Angstroms. (For interpretation of the references to
color  in this figure legend, the reader is referred to the web  version of this article.)
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Fig. 2. Schematic illustration of the Au(1 1 1) surface showi

Since we are interested in coverages 0 � � � 1/3, the four kind
f structures listed above (i-iv) were investigated in the unit cells
epresented in Figure 2 and with different number of molecules per
ell. The binding energies per molecule as well as the shortest S-S
nd S-Au distances (dS−S and dS−Au respectively), for each structure
re listed in Tables 1, 2, 3, and 4. When there is more than a single

olecule per cell, in the tables we included all the values of dS−S

nd dS−Au found in each structure.
For Monomers (Table 1), ε barely changes with coverage for

/25 ≤�≤ 1/8 but increases significantly when � further increases.

able 1
verage adsorption energies, ε, for Monomer structures (see text). For each structure
e  provide unit cell employed, the number of molecules per cell, N, the nearest
eighbor S-S and S-Au distances, dS−S , and dS−Au respectively.

� Unit cell N dS−S dS−Au ε
(Å) (Å) (eV)

1/25 5 × 5 1 14.55 2.59 −0.75
1/18 3 × 3

√
3 1 8.73 2.59 −0.74

1/12

4  ×
√

7 1 7.70 2.59 −0.73
3 × 2

√
3 1 8.73 2.60 −0.72

2 × 3
√

3 1 5.82 2.60 −0.73
2 × 2

√
7 1 5.82 2.59 −0.74

1/9  3 × 3 1 8.73 2.62 −0.70
1/8  2 × 4 1 5.82 2.60 −0.73
1/7

√
7 ×

√
7 1 7.70 2.63 −0.68

1/6

2
√

3 ×
√

3 1 5.04 2.65 −0.68
4 ×

√
7 2 5.82 2.60; 2.60 −0.68

2 ×
√

7 1 5.82 2.62 −0.70
2 × 3 1 5.82 2.63 −0.69
2 × 2

√
7 2 5.82 2.60; 2.63 −0.68

2/9  3 × 3 2 5.02 2.69; 2.68 −0.63
1/4  2 × 2 1 5.82 2.69 −0.66
1/3

√
3 ×

√
3 1 5.04 2.85 −0.60
 different unit cells used to carry out the DFT calculations.

In particular, for �=1/3, ε is greater (less stable) than for the
lowest coverages considered by ∼0.15 eV. This weakening of the
HSCH3-Au(1 1 1) bond is consistent with increasing values of dS−Au
when � increases: dS−Au∼ 2.6 Åfor �� 1/6, but dS−Au=2.85 Åfor
�=1/3.

In the case of Dimers (Table 2), in all the structures consid-
ered the S-H bonds of both molecules point to opposite directions
and the S atoms are slightly shifted away from top sites (approxi-
mately in opposite directions). This is the reason for the dS−S values
∼ 0.5 − 0.6 Ålarger than the Au-Au NN distance (� = 2.91 Å). This
points to a weak repulsion between S atoms separated by a distance
�. Still, in the whole range of coverages considered, these dimers
are equally stable as monomers for the same coverage. In line with

this, for any given coverage, the dS−Au values for monomers and
dimers are also close to each other (compare Tables 1 and 2). It must
be mentioned that for the dimer in the 3 × 2

√
3 cell (� = 1/6) our

Table 2
Idem Table 1 but for Dimer structures (see text).

� Unit cell N dS−S dS−Au ε
(Å) (Å) (eV)

2/25 5 × 5 2 3.40 2.60; 2.61 −0.74
1/9  3 × 3

√
3 2 3.42 2.63; 2.63 −0.72

1/6

4  ×
√

7 2 3.38 2.63; 2.64 −0.70
3 × 2

√
3 2 3.43 2.65; 2.66 −0.70

2 × 3
√

3 2 3.42 2.67; 2.70 −0.66
2 × 2

√
7 2 3.41 2.68; 2.68 −0.66

2/9  3 × 3 2 3.39 2.70; 2.71 −0.66
1/4  2 × 4 2 3.46 2.71; 2.74 −0.63
2/7

√
7 ×

√
7 2 3.44 2.73; 2.74 −0.63

1/3
2  × 3 2 3.27 2.80; 2.84 −0.58
2 ×

√
7 2 3.47 2.76; 2.79 −0.60
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Table  3
Idem Table 1 but for Dimer-H-bond structures (see text). Here we  also report the
S-H distance between the atoms involved in the H bond, dSH· ·  ·SH .

� Unit cell N dS−S dS−Au dSH· · ·SH ε
(Å) (Å) (Å) (eV)

2/25 5 × 5 2 3.64 2.51; 3.67 2.28 −0.70
1/9  3 × 3

√
3 2 3.67 2.52; 3.68 2.29 −0.70

1/6  4 ×
√

7 2 3.64 2.52; 3.77 2.29 −0.70
3  × 2

√
3 2 3.67 2.52; 3.69 2.30 −0.68

2  × 3
√

3 2 3.64 2.52; 3.71 2.28 −0.70
2  × 2

√
7 2 3.64 2.52; 3.72 2.29 −0.71

2/9  3 × 3 2 3.68 2.54; 3.72 2.32 −0.68
1/4  2 × 4 2 3.67 2.52; 3.75 2.30 −0.70
2/7

√
7 ×

√
7 2 3.65 2.55; 3.79 2.31 −0.67

1/3  2
√

3 ×
√

3 2 3.64; 3.68 2.54; 3.79 2.28 −0.69
2  ×

√
7 2 3.66 2.55; 3.80 2.32 −0.70

2  × 3 2 3.72 2.56; 3.76 2.37 −0.70
2  × 3

√
3 4 3.64; 3.70 2.55; 2.56 2.27; 2.40 −0.70

4.22 3.69; 3.88
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2  × 2
√

7 4 3.65; 3.65 2.55; 2.55 2.31; 2.31 −0.71
4.71 3.81; 3.81

alues of dS−S and dS−Au are also in good agreement with the ones
eported by Hagelberg et al. for the same structure [35]: 3.43 Åvs.
.58 Åand 2.66 Åvs. 2.70 Å. The values slightly smaller than those
f ref. [35], are likely due to the inclusion of long-range dispersion
orrections in our calculations.

Before considering the structures Dimer H-bond adsorbed on
u(1 1 1), it is interesting to describe some properties of such dimer
f methanethiol molecules in vacuum. In the latter case, we  have
ound the optimum SH·  · ·SH and S-S distances: dSH· · ·SH = 2.53 Åand
S−S = 3.65 Årespectively and the binding energy, |Evacuum

dimerH−bond
−

EMet |, equal to 0.13 eV. This binding energy is smaller (by a fac-
or of 2) than for two water molecules (obtained at the same level
f approximation and also in vacuum), as expected due to the
ess electronegative character of S compared with O. In addition,
his value (0.13 eV) agrees well with the energy obtained for the

ost attractive minimum-energy configuration found for a dimer
f HSCH3 in vacuum through highly-accurate quantum chemistry
alculations (i.e. 12.2 KJ/mol ∼0.126 eV) [36], which provides addi-
ional support to our method.

As mentioned above, in Dimer-H-bond structures one of the
olecules is far from the energetically optimum configuration of

 monomer. Thus, it is expected that the relatively small bind-
ng energy of the dimer H-bond in vacuum (0.13 eV) would entail

 stability of the Dimer-H-bond structures much smaller than
onomers and Dimers. However, the results reported in Table 3

learly show that this is not the case. At low coverages, the Dimer-
-bond structures (ε∼ 0.70 eV) are in general, only slightly less

table than Monomers and Dimers (ε∼ 0.74 eV). Moreover, due to
he scarce coverage-dependence of ε for Dimers-H-bond structures,
hey become notably more stable than Monomers and Dimers for
� 1/6.

The somewhat surprising coverage-independent adsorption
nergy per molecule of Dimer-H-bond structures (for � ≤ 1/3) is

ue to the geometry of the Dimer-H-bond moiety. It involves two
olecules quite close to each other, and one of them is further away

rom the surface than the other. Accordingly, the average surface

able 4
dem Table 3 but for Chain-H-bond structures (see text).

� Unit cell N dS−S dS−Au dSH· · ·SH ε
(Å) (Å) (Å) (eV)

1/6 2 × 3
√

3 2 3.59; 3.86 2.51; 4.62 2.25; 2.51 −0.62
2  × 2

√
7 2 3.60; 3.86 2.50; 4.60 2.25; 2.50 −0.63

1/3  3 × 3
√

3 3.72; 3.86 2.58; 4.77 2.46; 2.57 −0.60
2  × 2

√
7 3.63; 3.81 2.53; 4.75 2.32; 2.44 −0.58
 Letters 610–611 (2014) 381–387

area effectively occupied by a Dimer-H-bond moiety is significantly
smaller than twice the surface area occupied by a Monomer. Thus,
even for a coverage as large as � = 1/3, it is possible to accommodate
on the surface (avoiding short range intermolecular repulsions) a
larger number of molecules than in the case of Monomer and Dimer
structures in which all the molecules are at the same height above
the surface. Dipole-dipole interactions might also play some role on
the coverage-dependence of the adsorption energy (see e.g. [37])
of each kind of structures we have considered, however, a detailed
analysis of these effects is beyond the scope of the present paper.

Dimer-H-bond structures certainly owe  this somewhat sur-
prisingly high stability to a cooperative effect between the
molecules and the surface. For the molecule closest to the
surface the S-surface bond becomes more stable due to the
formation of the SH·  · ·SH H-bond, as indicated by dS−Au val-
ues ∼0.08 − 0.30 Åsmaller than for Monomers and Dimers:
dS−Au ∼ 2.51 − 2.55 Å vs. dS−Au ∼ 2.59 − 2.85 Å. This is certainly con-
nected with the weakening of the S-H bond of the H-donor molecule
due to the formation of the intermolecular H-bond which in turn,
becomes stronger than in vacuum. In line with these arguments,
both the S-S and the SH·  · ·SH distances in the Dimer H-bond struc-
ture are respectively 0.22 Åand 0.25 Åshorter than for a similar
dimer in vacuum. Interestingly, the value of dS−S we have obtained
(i.e. dS−S= 3.65 Å) is in excellent agreement with the one reported
in ref. [14] for a Au20 cluster.

To quantify the role of this cooperative effect, we have taken the
lowest energy configuration of the Dimer-H-bond structure found
in the 2 × 4 unit cell, and we have computed the adsorption energy
for each molecule individually (i.e. at the same position as in the
Dimer-H-bond but removing the other molecule). The adsorption
energy computed this way is −0.72 eV for the molecule closest
to the surface, and −0.40 eV for the other. Thus, the sum of both
adsorption energies is equal to −1.12 eV, i.e. 0.29 eV higher (less
favorable) than the total adsorption energy of the Dimer-H-bond
moiety for which we  obtain −1.41 eV. If we  subtract to 0.29 eV,
the binding energy of the Dimer-H-bond in vacuum (i.e. 0.13 eV),
we might attribute to purely cooperative three-body (molecule 1 -
molecule 2 - surface) interactions, a stabilization of the Dimer-H-
bond moiety of 0.16 eV. This is due to both intermolecular H-bond
and (H-donor-molecule)-surface enhanced attractions.

In order to further illustrate the cooperative effect that pro-
vides stabilization to Dimer-H-bond structures, in Figure 3 we
plotted the electronic density difference, ��, for a Monomer (upper
panels) and a Dimer-H-bond moiety (lower panels). Here, �� is
the difference between the electronic density of the Monomer
(Dimer-H-bond moiety) adsorbed on the surface, and the sum of
the electronic densities of the surface and the Monomer (Dimer-H-
bond moiety) in the same configurations but far from each other.
In particular we have plotted iso-density surfaces corresponding
to |��| = 0.002, 0.005, and 0.01 e/Å3 (negative and positive values
of ��  are represented in blue and green respectively). It is inter-
esting to note that upon adsorption, there is a electronic charge
redistribution around the S atom and its closest Au atom due to
the formation of the S-surface bond. It is observed in particular, an
increase of the electronic density along the S-Au axis and a conse-
quent decrease of the electronic density between the most involved
Au atom and its nearest neighbor Au atoms (see left panels), as well
as between the S atom and the H atom bound to it (see left and
middle panels). This is expected because the formation of the S-
Au bond upon adsorption, necessarily entails some weakening of
the other bonds in which participate both atoms. All these features
are, in the case a Dimer-H-bond moiety, slightly more prominent

than for the Monomer. For instance, the volume enclosed by the
blue iso-surfaces of ��  for the Dimer-H-bond moiety are slightly
bigger than for the Monomer. Still, the differences between both
cases are very small and can hardly be observed in a first sight of
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Fig. 3. Electronic density difference, ��, for a Monomer: top panels, and a Dimer-
H-bond moiety: bottom panels (see text). From left to right, the panels correspond
to iso-density surfaces |��| = 0.002, 0.005, and 0.010 e/Å3. Negative and positive
��  values are represented in blue and green respectively. S, C, H, and Au atoms are
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epresented in red, grey, white, and yellow respectively. (For interpretation of the
eferences to color in this figure legend, the reader is referred to the web version of
his  article.)

igure 3, as expected because of the relatively weak character of
he cooperative effect.

We have also investigated chains of molecules bond to each
ther through SH·  · ·SH H-bonds (Fig. 1d). In contrast with the
imer-H-bond structures, in the chains the SH groups act simul-

aneously as H-donor and H-acceptor. This provokes a larger
ifference between the height above the surface of the two  non-
quivalent S atoms in the chain with respect to the Chain-H-bond
tructures (see e.g. Fig. 1d). The shortest S-Au distance for both
imer-H-bond and Chain-H-bond structures are very close to each
ther: ∼2.5 Å. In contrast, the S-surface distance for the molecule
hat is further away from the surface in the Chain-H-bond struc-
ures (∼4.7 Å) is larger than in the case of Dimer-H-bond structures
3.8 Å). This certainly entails a weaker interaction of the molecules
ith the surface and the lower stability of the Chain-H-bond struc-

ures.
In order to determine the coverage range in which each kind of

tructure (or a mix  of them) corresponds to the ground state of the
ystem, it is convenient to plot the adsorption energy per molecule

 as a function of �−1 [38] as shown in Figure 4. In particular, we have
lotted the ground state curve for each family of structures (dashed

ines) and the ground state curve of the system (full line). The

round state (GS) of the system corresponds to Monomer structures
or � � 1/8 and a mix  of Monomer and Dimer-H-bond structures for
/8 � � � 1/3 with a fraction of Dimer-H-bond moieties increasing
ith coverage [38]. For the lowest coverages considered, the small
Fig. 4. Adsorption energies of the structures shown in Tables 1, 2, 3 and 4, as a
function of 1/�. The dashed lines corresponds to the ground state curve for each
family structure and the full line to the ground state of the whole system.

energy difference between Monomer and Dimer structures, and
entropic effects not accounted for when only the GS curve of the
system is considered, do not rule out the observation of Dimers as
reported in ref. [8]. However, our results clearly point to Dimers-
H-bond as the most expected species to be observed for higher
coverages (e.g. �∼ 1/3).

It might be argued that this conclusion could be a consequence
of the approximations involved in the present calculations (e.g.
DFT-D approach [25], PAW method [17]). In order to check this,
all the structures were also studied at the same level of approxi-
mation as in ref. [34], i.e. without including dispersion forces and
using ultrasoft pseudo potentials [39]. The adsorption energies per
molecule obtained this way  are smaller than the ones reported here
by a factor ∼2 because of the lack of long-range molecule-surface
and (in a less extent) molecule-molecule van der Waals attraction.
However, the conclusion that for �� 1/6, Dimer-H-bond struc-
tures are more stable than Monomers, Dimers and Chain-H-bond
ones remains unchanged. Moreover, without including long-range
dispersion effects, the most stable Dimer-H-bond structure for cov-
erages � = 1/6 and 1/3, are found for the unit cell 2×2

√
7 as seen

in Table 3. Interestingly, the energy difference between Dimer-H-
bond and Chain-H-bond structures are smaller when long range van
der Waals forces are not included because the molecule-surface
interaction for the molecule that is further away from the sur-
face barely contributes to the stability of both structures involving
H-bonds.

In Figure 5 we show the most stable Dimer-H-bond structure
we have found for �=1/3, with 4 molecules per 2×2

√
7 cell. We

have labeled the sulfur atoms of the molecules with “a” and “d” to
indicate those that play the role of H-acceptor and H-donor respec-
tively. Though the energy difference between all the Dimer H-bond
structures for �=1/3 is very small, the lowest energy structure found
(Fig. 5), is characterized by the symmetry observed in two inde-
pendent experiments [9,10] for a full monolayer of molecularly
adsorbed methanethiol molecules on Au(1 1 1) at low tempera-
tures. It must be mentioned however, that the STM images obtained
in the latter experiments were associated with a structure charac-
terized by only 2 HSCH3 molecules per 2×2

√
7 cell (i.e. � = 1/6, see
e.g. Fig. 7 of ref. [9] and Fig. 2e of ref. [10]). Still, these observed STM
images might be also compatible with our denser structure (�=1/3)
of the full monolayer (Fig. 5) if we assume that each dimer appears
as a single protrusion in the images.



386 P.G. Lustemberg et al. / Chemical Physics

Fig. 5. Dimer-H-bond structure for � = 1/3 with four molecules per 2 ×2
√

7 unit
cell.  The type ’a’ labels the H-acceptor molecules, and ’d’, the H-donor ones. S, C,
H,  and Au atoms are represented in red, grey, white, and yellow respectively. (For
interpretation of the references to color in this figure legend, the reader is referred
to  the web version of this article.)

Fig. 6. Energetics along the dissociation pathways for the S-H bond cleavage through a co
S,  C, H, and Au atoms are represented in red, grey, white, and yellow respectively. (For int
the  web  version of this article.)
 Letters 610–611 (2014) 381–387

In the light of the previous results, it is important to investi-
gate in what extent a Dimer-H-bond state can act as a precursor
for the S-H bond scission process. Whereas it is well established
that molecularly adsorbed methanethiol molecules do not give rise
to Au-adatoms [9,10], there is consensus on their prominent role
in the stability of the full-coverage self-assembled monolayers of
alkylthiolates on Au(1 1 1) (see e.g. [40]). However, it is unknown
in what extent Au-adatoms can play a role during the S-H bond
scission process itself. So, a study of the activation energy for the
S-H bond scission without considering the role of Au ad-atoms is
still reasonable and useful [34]. Then, we have computed the mini-
mum energy dissociation pathway for S-H bond cleavage on a ideal
Au(1 1 1) surface starting from a Dimer H-bond state through which
the H-donor molecule transfers the H atom of the thiol group to
the H-acceptor molecule that simultaneously transfers its H atom
to the surface (i.e. H-transfer mechanism). The minimum energy
pathway obtained is schematically represented in Figure 6a. For
comparison, in Figure 6b we  have also included the minimum
energy pathway for the S-H dissociation through a unimolecular
mechanism [34], computed at the same level of approximation.
The activation energies obtained (with respect to the molecularly
adsorbed state) for the H-transfer and the unimolecular mechanism
are 0.78 eV and 0.88 eV respectively. Thus, the Dimer-H-bond is
not only the most stable molecularly adsorbed state for � � 1/6 but
also (slightly) facilitates the S-H bond scission through a concerted

H-transfer channel. Concerning the role of long range dispersion
corrections, as mentioned above, they strongly stabilize molec-
ularly adsorbed states. However, they barely modify the energy of
both transition states with respect to the molecular state. It might

operative H-transfer mechanism (a), and through an unimolecular mechanism (b).
erpretation of the references to color in this figure legend, the reader is referred to
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e argued that the obtained 0.1 eV difference in activation ener-
ies (i.e. 0.78 eV vs. 0.88 eV) is similar to the typical errors of DFT
alculations. However, it must be also noted that for �∼ 1/3, molec-
larly adsorbed methanethiol molecules must form Dimer-H-bond
oieties instead of being adsorbed as Monomers. Thus, our results

llow us to predict that at large coverages (e.g. �∼ 1/3), the H-S
ond cleavage process is dominated by a H-transfer mechanism.

. Conclusions

In this paper, we have investigated and compared the stability
f a large set of structures of methanethiol molecularly adsorbed
n Au(1 1 1) through Density Functional Theory calculations with
nd without long-range dispersion corrections. We  have carried
ut a systematic study in a large range of surface coverages and
ocused on possible cooperative effects between molecules through
ntermolecular H-bond interactions. In particular, we  have investi-
ated four kind of structures: Monomers, Dimers, Dimers-H-bond,
nd Chains-H-bond. We  conclude that the ground state of the sys-
em corresponds to Monomer structures for � � 1/8 and for higher
overages, a mix  of Monomers and Dimer-H-bond moieties. In
articular, near the saturation coverage (i.e. for one monolayer of
ethanethiol characterized by the coverage �=1/3) Dimer-H-bond

tructures are significantly more stable than all the others con-
idered. We  show that this is a direct consequence of a SH·  · ·SH
-bond interaction which on the surface, becomes significantly

tronger than in vacuum due to a reinforcement of the S-Au bond
or one of the molecules forming the Dimers. Moreover, we have
lso found that Dimers-H-bond can act as a precursor for the S-H
ond cleavage process through a concerted H-transfer mechanism
hich is characterized by an activation energy barrier ∼0.1 eV

maller than the one found for a unimolecular pathways. Thus,
ooperative effects between methanethiol molecules would start
laying a prominent role at the very early stages of the grow of
elf-assembled monolayers (SAMs) of alkanethiols on Au(1 1 1). We
xpect that these results will stimulate new experimental investi-
ations intended to elucidate the actual role of H-bond interactions
or the formation of SAMs of short chain alkanethiols on Au(1 1 1).
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