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A novel model for the (/3 x /3)R30°
alkanethiolate—Au(111) phase based on
alkanethiolate—Au adatom complexes

P. Carro,*® X. Torrelles® and R. C. Salvarezza®

Self-assembled monolayers of thiols on Au(111) have attracted considerable interest from the theoretical and
experimental points of view as model systems for understanding the organization of molecules on metallic
surfaces, and also as key elements in nanoscience and nanotechnology. Today, there is strong theoretical
and experimental evidence indicating that the surface chemistry of these monolayers at high coverage
involves dithiolate—adatom (RS—Au,4—SR) species, showing the existence of the (3 x 4) and c(4 x 2) lattices
usually observed by scanning tunneling microscopy. However, concealing the existence of dithiolate—Au

Received 24th March 2014, adatom species with the presence of the paradigmatic (\/3 X \/3)R30° lattice, which dominates the structure

Accepted 23rd July 2014 of long alkanethiols, still remains a challenge. Here, we propose a novel (3,/3 x 3,/3)R30° structural model
containing RS—Au,q—SR moieties based on DFT calculations which reconciles most of the experimental data

observed for the (\/3 X \/3)R30° lattice. Our results provide a unified picture of the surface chemistry of the
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Introduction

Self-assembled monolayers (SAMs) of thiols are key elements in
nanoscience and nanotechnology.' They have been widely used
to link inorganic, organic and biological materials to planar
gold (Au) and nanoparticle surfaces. In particular, SAMs on
planar Au surfaces have been used as building blocks for the
fabrication of different types of devices by the bottom-up
approach with applications in biology, medicine, catalysis,
photonics, and electronics.

The initial stage of thiol chemisorption on Au(111) involves
the formation of lying-down phases with molecules parallel to
the substrate.” By increasing the surface coverage, a transition
from the lying-down to a standing up configuration takes place,
with the formation of domains of dense and stable lattices
with surface coverage 0 = 1/3 and nearest-neighbor thiol-thiol
distances d ~ 0.5 nm.

The molecular backbone plays a key role in stabilizing the
SAM via intermolecular forces (~0.1 eV per CH, unit) but
also determines the molecular organization at the Au surface.
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In fact, scanning tunneling microscopy (STM) data have shown
that the surface structure ranges from (3 x 4) for methanethiol
(MT) and ethanethiol (ET)® to c(4 x 2) (better described as
(3 x 2,/3)-rect) and (/3 x /3)R30° lattices as the number of
CH, units (n) in the hydrocarbon chain is increased. Moreover,
STM images have revealed that domains of the (/3 x /3)R30°
and c(4 x 2) lattices coexist on the Au surface but their relative
surface coverage markedly depends on the hydrocarbon chain
length. Previous results have also shown that for hexanethiol
(HT) SAMs the c(4 x 2) lattice (80%) largely dominates over the
(/3 x /3)R30° lattice (20%) while these figures are reversed for
dodecanethiol (DT)* and hexadecanethiol (HDT).>® Interestingly,
STM imaging has also revealed ¢(4 x 2) < (/3 x /3)R30°
reversible transformations in domains of hexanethiol SAMs on
Au(111) suggesting that both lattices have similar stability.”

It is well known that thiol molecules are chemisorbed on Au
by strong thiolate-Au bonds (~2-3 eV). In the case of alka-
nethiols the chemisorption process induces a strong recon-
struction of the substrate with the formation of vacancy islands
(pits) of monoatomic depth on terraces. They are usually
observed by STM as 2-5 nm black regions which are also
covered by thiol molecules.® Among the different models
proposed to explain the high coverage thiol lattices on the
reconstructed Au(111) surface, the ones that are most widely
accepted are those involving RS-Au,q—SR moieties.” These
species have been experimentally detected on the Au(111)
surface by STM,*' and X-ray diffraction on Au(111)'"'? and
thiol-capped Au nanoclusters'®™®, consistent with theoretical
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modeling.”'”~>° The presence of the vacancy islands on thiolate-
covered Au(111) terraces has also been considered as indirect but
strong experimental evidence for the presence of RS-Au,q-SR
moieties. In fact, these islands would result by surface diffusion,
nucleation and growth of the single vacancies produced by
the removal of the Au,q from the Au(111) surface to form the
RS-Au,q-SR species. This interpretation is supported by the
surface coverage of vacancy islands 0,,. = 0.12/0.14 measured
on large Au terraces after hexanethiolate and dodecanethiolate
SAM formation. In fact, this coverage is close to O,,. = 1/6 as
expected for RS-Au,q-SR species forming a thiol lattice with
0 = 1/3.>" The RS-Au,q-SR complexes are compatible with the
(3 x 4) (RS-Au,g-SR in trans configuration) and c¢(4 x 2)
(RS-Au,g-SR in cis configuration) surface structures with the
(3 x 4) to ¢(4 x 2) transition for n > 2 explained in terms of a
better hydrocarbon chain organization.”*® The influence of the
hydrocarbon chains in stabilizing the RS-Au-SR moieties has also
been analyzed.** In contrast, the structure of the paradigmatic
(/3 x /3)R30° lattice imaged by STM, which largely dominates for
alkanethiols with 7 > 10, has remained unsolved to date.?’ In fact,
present models for the (/3 x |/3)R30° surface structure involve
either RS-Au,q units® or Au vacancies?® both with O, = 1/3,
although 0,,. = 0.12/0.14 has been experimentally measured (as
vacancy islands) suggesting the presence of RS-Au,q-SR species.”
Also the existing models for this lattice fail to describe the
4 x 2) < (/3 x /3)R30° transitions” since their difference in
stability is very high®' to allow reversible transitions. Finally, they
also fail to explain why the (/3 x /3)R30°/c(4 x 2) coverage ratio
increases as the hydrocarbon chain length increases.

In this work the system under theoretical modeling consists
of Au domains, which can be located at terraces or at the
bottom of monoatomic in depth vacancy islands both covered
by thiolate c(4 x 2) or (/3 x /3)R30° lattices. This system has
been extensively described in the literature as the result of
thiolate adsorption on the Au(111) surface. This is an important
point because our models have not single vacancies since they
diffuse and coalesce to form the vacancy islands observed by
STM on the Au(111) surface.

We propose a novel (3,/3 x 3,/3)R30° structural model
consisting of three RS-Au,q-SR moieties with their S atoms in
atop positions, and also other three atop thiolate adsorbed
species (RS-). We have selected S atoms in atop sites since
different experimental results indicate that the S-Au distance is
consistent with the S atom at these sites.>”*®

We also analyze the stability of the new model in relation with
the ¢(4 x 2) lattice formed by RS-Au,4-SR moieties as a function
of the hydrocarbon chain length. The new model explains most
of the experimental data reported for the (/3 x /3)R30° lattice
and thus provides for the first time a unified picture of the
alkanethiol-Au(111) system in terms of surface chemistry.

Methods

Density functional calculations have been performed with the
periodic plane-wave basis set code VASP 5.2.12.>°° We have
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followed the scheme of non-local functional proposed by Dion
et al.,** vdW-DF, and the optimized Becke88 exchange functional
optB88-vdW?? to take into account the van der Waals (vdW)
interactions. The electronic wave functions were expanded in a
plane-wave basis set with a 420 eV cutoff energy. The projector
augmented plane wave (PAW) method has been used to represent
the atomic cores® with PBE potential. Gold surfaces were repre-
sented by a five atomic layer slab with ~14 A vacuum. Optimal
grids of Monkhorst-Pack® k-points of 5 x 4 x 1,3 x 3 x 1 and
9 x 9 x 1 have been used for ¢(4 x 2), (3,/3 x 3,/3)R30° and
(/3 x /3)R30° surface structures, respectively. Surface relaxation
is allowed in the top three Au layers of the slab as well as in the
atomic coordinates of the adsorbates. Alkanethiol radical species
were optimized in an asymmetric box of 10 A x 12 A x 14 A. The
calculated lattice constant is 4.16 A, which compares reasonably
well with the experimental value (4.078 A).*®

The average binding energy per adsorbed species on the
Au(111) surface, Ey, is defined in eqn (1):
1
~ Niiol

Ethiol/Au

Ey [EthiO]/Au - EARU(“]) — Nihiol Ethiol (1)
where, , Eﬁuun) and Eujo stand for the total energy of
the adsorbate-substrate system, the total energy of the Au slab
when RS moieties are removed and the alkanethiol radical,
respectively, whereas Nyjo is the number of alkanethiolate
radicals in the surface unit cell. A negative number indicates
that adsorption is exothermic with respect to the separate clean
surface and alkanethiol radical.

Constant current scanning tunneling microscopy (STM)
images were simulated by p4vasp software within the Tersoff-
Hamann method in its most basic form with the STM tip
approximated as a point source.*®

The in-plane X-ray diffraction patterns have been simulated
using the Ana-ROD software.’”

Results and discussion

Fig. 1 shows the optimized ¢(4 x 2) and the (3,/3 x 3,/3)R30°
surface structures for HT on Au(111). Both lattices have 0 = 1/3
and nearest-neighbor thiol-thiol distances d ~ 0.5 nm. The most
important difference between these lattices is the surface coverage
of RS-Au,q—SR moieties which becomes 1/6 for the ¢(4 x 2) and
1/9 for the (3,/3 x 3,/3)R30° surface structure, respectively. Note
that the (3,/3 x 3,/3)R30° lattice also contains a surface coverage
of 1/9 of chemisorbed RS- species. On the other hand, according
to the number of Au,q involved 0,,. should be 1/6 and 1/9 for the
¢4 x 2) and (3/3 x 3,/3)R30° lattices, respectively. Note that
mixed RS-Au,q—SR moieties and RS- species have already been
considered for modeling the thiolate Au(111) interface but in the
frame of ¢(4 x 2) surface structures'**®

The detailed structural information of the calculations is
displayed in Table 1, where we show the tilt of the molecular
axis with respect to the surface normal (o), the angle between
the S-C; bond and the surface normal (o), the S atom-S atom
distance (d(S-S)), the S-Au adatom distance (d(S-Au,q)), and the
S-surface Au atom vertical distance (z(S-Augyy)). In order to
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Fig. 1 (a—d) Optimized hexanethiolate surface structures on Au(111). Left
panel: c(4 x 2) Right panel: (3,/3 x 3,/3)R30° In (a) and (b) top view, in (c)
and (d) lateral view of the surface structures. Green: S; black: C; white: H;
red: Au adatom; yellow: Au. The corresponding unit cells are drawn on the
figures. (e) and (f) show simulated constant current STM images of the
cl4 x 2) (e) and (3,/3 x 3,/3)R30° (f) lattices. The corresponding unit cells
are drawn on the images. The (\/3 x /3)R30° unit cell is also included in (f).

highlight the results, all these geometrical parameters have
been averaged between equivalent positions. We have found no
significant differences in the structural data of these lattices, all
of them being in good agreement with those experimentally
reported for alkanethiol SAMs on Au(111).>
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In particular the 2(S-Aug,f) is in excellent agreement
with those experimentally found for different alkanethiolate
(/3 x /3)R30° lattices on the Au(111) interface.?”

The STM images of the optimized lattices (Fig. 1(a) and (b))
have been acquired by means of the charge density given by the
DFT calculation and considering the states between 1-1.5 eV
above and below the Fermi level. The simulated STM images
(Fig. 1(e-f)) are in excellent agreement with those reported for
the ¢(4 x 2) and the (\/3 x /3)R30° lattices.”'

The E, values of the lattices have been also included in
Table 1. Our calculations show that the HT adsorption is
stronger in the c¢(4 x 2) surface structure, as the binding energy
difference AEy, (Ey, c(4 x 2) — Ep(34/3 x 3,/3)R30°) is —0.32 eV.
However, as already discussed,® the binding energy is not a
valid criterion in order to predict the stability of the different
surface structures, since it does not consider the energy cost to
reconstruct the Au(111) surface, ie. the energy required to
remove the Au adatoms needed to form the RS-Au,q—SR moi-
eties. Therefore, in order to estimate the stability of the ¢(4 x 2)
and the (3,/3 x 3,/3)R30° lattices shown in Fig. 1, we have
compared the two energetic terms per thiol adsorbed: on one
hand, the cost to form the reconstructed surface, E.ec/Niniol,
and, on the other hand, the gain of stability when one thiol
binds to the surface, Ey,. The reconstruction energy per unit cell
(Table 1) for the different surfaces has been calculated as

Eree = Eﬁu(lll) - EXu(lll) — Naa Eﬁ‘Lllllk (2)
where EXya11), Eau@in) correspond to the energy of recon-
structed Au(111) surface and unreconstructed Au(111) surface
per cell unit, respectively; Efuy is the total energy of a bulk Au
atom and 7,4 is the number of Au adatoms in the surface unit
cell. This energy is related to the Au adatom formation, which
yields the RS-Au,q-SR moieties. Therefore, the energetic
balance per adsorbed thiol on both surface structures should
be estimated as Ej, + Eeo/Nmiol- Results from these calculations
indicate that hexanethiol adsorbed on ¢(4 x 2) surface structure
is slightly more stable than on the (3,/3 x 3,/3)R30° lattice by
~—0.14 eV (Table 1). The relatively small difference in stability
may explain not only why domains of these lattices coexist on
the Au surface but also the relative surface coverage observed
for HT SAMs: 80% for the ¢(4 x 2) and 20% for (/3 x /3)R30°
lattices observed in STM images. Moreover, this small differ-
ence is consistent with the experimentally observed reversible

Table 1 Energetic and structural data for BT, HT and OT surface structures on Au(111)

BT HT oT

Surface lattice (34/3 x 3,/3)R30° c(4 x 2) (3y/3 x 34/3)R30° c(4 x 2) (3y/3 x 3,/3)R30° o4 x 2)
EpleV —2.94 —3.28 —3.17 —3.49 —3.38 —3.68
Eree/Nniol/€V +0.33 +0.52 +0.34 +0.52 +0.34 +0.58
Ep + Eree/Nhio/€V —2.61 —2.76 —2.83 —2.97 —3.04 —3.10
d(S-S)/A 5.19 5.10 5.11 5.10 5.10 5.10
2(S-Augyg)/A 2.44 2.54 2.44 2.54 2.43 2.49
d(S-Au,g)/A 2.34 2.34 2.34 2.34 2.34 2.34
it/ 37.4 34.4 35.7 32.2 32.7 31.9
o/° 66.1 62.5 65.7 63.5 64.9 63.8
This journal is © the Owner Societies 2014 Phys. Chem. Chem. Phys., 2014, 16, 19017-19023 | 19019
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Fig. 2 (a—d) Optimized hexanethiolate (/3 x /3)R30° surface structures
on Au(111). Left panel: unreconstructed surface right panel: reconstructed
surface with RS—Au,q moieties. In (a) and (b) top view, in (c) and (d) lateral
view of the surface structures. Green: S; black: C; white: H; red: Au
adatom; yellow: Au. The corresponding unit cells are drawn on the figures.

transitions between domains of these lattices under the scan-
ning of the STM tip.® We have also calculated the binding
energy, Ey, of the (/3 x (/3)R30° HT lattice adsorbed at fcc-
bridge sites of the unreconstructed Au(111) surface (E, = 0)
(Fig. 2a). This lattice becomes 0.19 eV more unstable (Ey, + Eec/
Numiot) than the HT (3,/3 x 3,/3)R30° lattice suggesting that
alkanethiol adsorption could induce the reconstruction of the
Au(111) surface (Table 2). It can be argued that this difference is
also small so that (/3 x /3)R30° and (3,/3 x 3,/3)R30° lattices
can coexist on the Au surface. However, the (3,/3 x 3,/3)R30°
lattice is consistent with photoelectron diffraction*® and graz-
ing incidence X-ray diffraction® data indicating that S atoms are
placed in atop sites rather than at the fcc-bridge sites corre-
sponding to the (/3 x ./3)R30° lattice. Furthermore, the
(34/3 x 3,/3)R30° model is in agreement with STM images of
domain boundaries which had been assigned to RS-Au,q
species fcc hollow sites.*’ Finally, the presence of RS-Au,q-SR
species in the (3,/3 x 3,/3)-R30° model explain vacancy islands

Table 2 Energetic and structural data for HT (/3 x /3)R30° surface
structures on Au(111)

HT (/3 x /3)R30°

Metal surface Unreconstructed Reconstructed*>*?
Surface site fee-bridge atop

EpleV —2.64 —2.85
Eree/Nthiol/€V 0.0 +0.76

Ep + Eree/ Naniol/eV —2.64 ~2.09

19020 | Phys. Chem. Chem. Phys., 2014, 16, 19017-19023
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formation by removal of Au,q from the Au(111) surface.
Obviously these features can not be explained by the fcc-bridge
site model on the unreconstructed Au(111) surface.

Next we analyze other model proposed in the literature to
explain the (/3 x /3)R30° lattice. This model involves RS-Au,q
moieties rather than RS-Au.q-SR species (Fig. 2b).*>** The
energetic information of this lattice is shown in Table 2. It is
evident by comparing the (Ep + Erec/Nimiol) values that this
surface model is less stable than the (3,/3 x 3,/3)R30° lattice
(Table 1). Also, this model needs 0,,. = 0.33, a figure much
higher than that measured in the experimental systems.

To test the experimental plausibility of the proposed (3,/3 x
3,/3)R30° lattice we calculated its X-ray diffraction pattern.*’” To
proceed, it is necessary to take into account that: (i) the rotation
of the (3,/3 x 3,/3)R30° lattice relative to the substrate makes
its surface symmetry p31m rather than p3m1 relative to the
substrate; (ii) the particular linear morphology of the thiol
chains facilitates the breaking of the symmetry elements in
the unit cell; (iii) the experimental intensities would reflect the
symmetry of the surface cell, even if atoms/molecules present
in the cell don’t follow it by promoting the formation of
domains related between them by the symmetry elements
present in the unit cell.

The three RS-Au,4—-SR moieties and the three atop thiolates in
Fig. 1b don’t satisfy the p31m symmetry of the cell; however, it is
recovered when considering at least six domains, resulting from
three ternary axes and three mirror planes present in the cell, to
compute the theoretical diffraction pattern. Extra domains could
also be considered to take into account the particular orientation
of the thiol chains (azimuthal and polar angles) but were checked
to have a minor relevance in the computation of the intensities.
Fig. 3 shows the two-dimensional intensity distribution at the
particular L-value of the non-equivalent reciprocal space quadrant.
The intensities of the (3,/3 x 3,/3)R30° structure are similar to
those of the (/3 x /3)R30° structure, so their intensities would
have enough signal to be measured by grazing incidence X-ray
diffraction techniques (GIXRD) in case the proposed model would
correspond to a real surface structure.

Fig. 4 shows three fractional order rods to compare the
relative intensities becoming three different fractional order
rods, (H, K) = (1, 0), (1, 1) and (3, 0). The (3, 0) reflection
corresponds to the average of the nine (/3 x /3) units forming
part of the (3,/3 x 3,/3)R30° model structure while the other
two correspond exclusively to the (3,/3 x 3,/3)R30° cell.

In the following we will discuss the stability of the different
surface structures as n is increased for the (3,/3 x 3,/3)R30°,
¢(4 x 2) and the unreconstructed (/3 x /3)R30°. In this case
we have used the surface free energy (y) that can be estimated

using the DFT total energies®>** as,

_ Neniol {Eb +

(3)

A

Erec }
Nthiol

where A is the unit cell area. Results shown in Fig. 5a for
butanethiolate (BT), HT and octanethiolate (OT) clearly show
that the difference in surface stability between these lattice
models markedly decreases as n is increased. While for BT the

This journal is © the Owner Societies 2014
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Fig. 3 Portion of the two-dimensional non-equivalent reciprocal space
quadrant generated from the model of Fig. 1b using 6 symmetry p31m
related domains. B and r characters identify the reflections having bulk/
substrate or contributions from the average (\/3 X \/3) units forming part
of the (3/3 x 3,/3)R30° structure, respectively. The areas of the circles are
proportional to the corresponding calculated structure factors. The areas
of bulk circles have been reduced by a factor 3 to enhance the contrast
of the smallest ones. The image shows a reciprocal space section cut at
L = 0.5. (H, K, L) denote the Miller indexes expressed in reciprocal lattice
units. Inset: the reciprocal space diagram showing the reciprocal lattice
vectors for both the Au(111) substrate (a;*, a,*) and the (3/3 x 3,/3)R30°
superstructure (a,*, b,*). The (m) label along H and K Au(111) directions
denotes mirror planes. (Red circles) Non-equivalent portion of the reci-
procal space corresponding to the (3,/3 x 3,/3)R30° lattice where reflec-
tions of the main figure were calculated; (colored dots) fractional
reflections from the (3\/3 X 3\/3)!?30O superstructure. Reflections outlined
in gold/yellow, i.e., (H, K) = (2, 1) are equivalent between them.

60F (1.0) 4y | (1) [ (3,0)/
2 \ fg00LVy  600F
AT R Y
S30p | j oo ViNp
w N

20F § EEREIN:

300F  i: 00
L v .
10 :
0

PPN Y Y 1Y 1Y [ P 1Y 1Y FOY PO PO
0 2 4 60 2 4 60 2 4 6
L(r.L.u.) L(r.l.u.) L(r.L.u.)

Fig. 4 Fractional order rods becoming the (3,/3 x 3,/3)R30° structure
model of Fig. 1b.

c(4 x 2) structure largely dominates in stability the difference in
7 with respect to the (3,/3 x 3,/3)R30° structure is much
smaller for OT. The (3,/3 x 3,/3)R30° arrangement would allow
a better optimization of vdW interactions for longer hydrocar-
bon chains than the ¢(4 x 2) staple lattice. In fact, we observe a
decrease in AE;, in going from BT (AE, = —0.34 eV) to OT (AE, =
—0.30 eV) as can be seen in Table 1. Taking into account that
the (3,/3 x 3,/3)R30° lattice involves RS- species at the energe-
tically unfavourable atop Au atom positions the decrease in AE},
with 7 can be entirely assigned to better organization of the alky

This journal is © the Owner Societies 2014
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Fig. 5 (a) Bar chart of surface free energy (y) corresponding to c(4 x 2)
and (3,/3 x 3,/3)R30° lattices (with staples), and for the (/3 x \/3)R30° on
unreconstructed (U) Au(111) for BT, HT and OT. (b) Stability diagram for the
cl4 x 2) and (3,/3 x 3,/3)R30° lattices as a function of the number of
CH> units (n). The (3 x 4) to c(4 x 2) transition is also included (see details
in the inset).

chains in this lattice (see Fig. 1). Also, we observe that accom-
modation of the longer alkyl chains for OT into the ¢(4 x 2)
staple lattice forces the Au surface atoms in slightly more
unfavourable positions, a fact which is reflected by an increase
in the energy to reconstruct the metal surface (E,) (Table 1).

Results in Fig. 5a could explain the increase in the (\/3 x
/3)R30°/c(4 x 2) ratio with n, and its decrease with tempera-
ture. The increasing influence of the vdW interactions among
hydrocarbon chains on SAM organization is reflected in a
decrease of « with n in agreement with broad-bandwidth sum
frequency generation spectroscopy results.*> One should expect
that as the alkyl chains become longer the alkyl chain-Au
interactions tend to vanish and the molecules become less
tilted. This is not surprising, as crystalline monolayers of long
hydrocarbon chains exhibit 0° < « < 25°.*°

It is interesting to extrapolate the y values for longer alka-
nethiolates than OT (Fig. 5b). The y vs. n plot (Fig. 5b) shows
that a transition of the ¢(4 x 2) to the (3,/3 x 3,/3)R30°
structure would take place at n > 13, although the stability
differences for 9 < n < 16 are too small (<4 meV A~?) to be
important and both lattices may be present. It is interesting to
note that for DT* and HDT® SAMs on Au(111), where (/3 x
\/3)R30° predominates, a reasonable amount of ¢(4 x 2) (about
40%) is reached after annealing of the samples.®

We have included the (3 x 4) (staples in ¢rans configuration)
to c(4 x 2) (staples in cis configuration) phase transition
observed for n > 2 (Fig. 5b inset), which is also driven by the
vdW interactions, in order to have a complete phase diagram of
alkanethiolates as a function of the hydrocarbon chain length.

Thus, for 1 < n < 13 the adsorbed RS- radicals extract Au
adatoms from the surface forming RS-Au,4-SR moieties where
the S electrons participate in bonding with the R group and

Phys. Chem. Chem. Phys., 2014, 16, 19017-19023 | 19021
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with two non-equivalent Au atoms (Au adatom in the complex
and Au in the surface layer)*” that allows a strong S-Au binding.
For n < 3 these species organize in the (3 x 4) surface structure
with the staples in trans configuration. For n > 3 the van der
Waals interactions drive the system to the more stable ¢(4 x 2)
surface structure with the staples in cis configuration.”® For
n > 13 the optimization of the vdW interactions favors (3,/3 x
3./3)R30° surface lattice over the ¢(4 x 2) lattice. Note that the
(3 x 4),c(4 x 2) and (3,/3 x 3/3)R30° staple containing models
are consistent with the experimentally observed vacancy islands
coverage (0.12/0.14) at the Au terraces.”"*®

Finally, it is important to discuss why the RS- species in the
(3y/3 x 3,/3)R30° lattice are adsorbed at the atop position
rather than the fcc-bridge position preferred in the unrecon-
structed surface (Fig. 2, Table 2). In order to explain this point
one should remember that alkanethiol physisorption is ener-
getically favored in atop positions on the unreconstructed
Au(111) surface.”” We consider that after S-H bond scission
the system chemisorbs and should evolve to the ¢(4 x 2) lattice
for n > 2 and to the (3,/3 x 3,/3)R30° lattice for n > 13 by
extracting the corresponding amount of Au,q, but with the
S-heads remaining at the same top sites where physisorption
takes place. Then, the single vacancies originated by this
process can diffuse to nucleate and grow the vacancy islands
observed by STM.

Conclusions

In conclusion, we show that a (3,/3 x 3,/3)R30° model consist-
ing of RS-Au,s—SR moieties and RS- atop adsorbed species
justifies most of the experimental data for the (/3 x /3)R30°
lattice. The new model proposed here explains both the
¢4 x 2) < (/3 x /3)R30° reversible transitions, and the
increase in the (/3 x /3)R30°/c(4 x 2) ratio as n is increased,
providing a unified picture of the alkanethiol-Au(111) lattices
in terms of RS-Au,q—-SR species.
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