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ABSTRACT: A detailed density functional calculation (DFT) study including van der

Waals (vdW) dispersion forces of different adatom-containing models (RS—Au,4—SR) at (<) )
saturation coverage for methanethiol (MT), butanethiol (BT), and hexanethiol (HT) on 3l S .fg;e -
Au(111) is presented. The stability analysis of these lattices shows a transition from the = . e
(3 X 4) to the c(4 X 2) surface structure when the number of C atoms in the alkanethiol Alkyl Chain Length N

chain is larger than 2, fairly predicting recent experimental observations for these systems. pandenivaalsiiorces

The transition takes place when the smaller energy needed to reconstruct the Au(111)

surface and the larger binding energy for MT in the (3 X 4) MT lattice is compensated by a larger interaction energy between
hydrocarbon chains in the c(4 X 2) lattice for BT and HT. Our calculations therefore explain why the (3 X 4) lattice is more
stable for MT and ethanethiol (ET) while the c(4 X 2) lattice predominates for longer alkanethiols, thus shedding light on the
behavior of alkanethiol self-assembled monolayers (SAMs) on Au(111).

Bl INTRODUCTION Methanethiol (MT) adsorption on Au(111) has concen-

Thiol self-assembled monolayers (SAMs) on Au(111) have trate.d most of the experimental arlld .theoretlc.:al efforts.to
. . . elucidate this controversy because it is the simplest thiol.
been established as a model system in modern surface science,

. . . .. . H imental dat tradict X -
in addition to their numerous applications in nanotechnology.1 R; g‘éeg‘,’ fg’ ce();{)e)r(m;;r} la anjl a(;r;cirilg?lslclgiiyc,ezs }Eave3 Al bje)n
These molecules adsorb on the gold surface as thiolates, ’ ’

o , X reported for adsorption on the Au(111) surface. In particular,
yielding ordered commensurate lattices, the most usual being recent STM data'>' for MT and ethanethiol (ET) give direct
the (/3 x \/3)_R300 and its .related‘c(4 X 2) sup grlattice, al.so evidence of RS—Au,;—SR moieties on the Au(111) surface at
known as the (3 X 2/3) lattice, which can sometimes coexist saturation coverage. More interesting, the (3 X 4) lattice with
on the same surface. Both lattices have thiolate surface coverage RS—Au,,—SR species has been observed only for short thiols

t saturation 6 = 0.33 and t-neighbor dist betw o o
at saturation and nearest-neighbor distances between because it is replaced by the c(4 X 2) and (\/ 3 X \/ 3)-R30

molecules of ~ 0.5 nm. lattices as the number of C atoms in the hydrocarbon chain is
The early picture of a simple organized monolayer on the increased.
unreconstructed Au(111) surface was challenged by some With regard to theoretical studies, the surface structure of
experimental results from synchrotron  techniques.’> Since MT on the Au(111) surface has been extensively studied in the
then, and up to present, the so-called adatom models, which frame of Au adatom models by using density functional theory
provide a new picture of the S—Au interface based on the (DFT).z’14 Results have shown that surface models containing
formation of some kind of gold adatom (Au,q)—thiolate (RS) RS—Au,g—SR moieties fairly explain the c(4 X 2) MT surface
complex with a considerable reconstruction of the Au(111) structure due to their higher thermodynamic stability in terms
surface, have aroused great interest and provoked a of the free energy. In contrast, little is known about the stability
considerable controversy. of the (3 X 4) lattice in the context of the other MT models. In
Among the different models proposed,” the ones that are fact, some DFT calculations show that the (3 X 4) lattice is
most widely accepted are those that involve RS—Au,4—SR units more stable than a diluted (3 X 4\/ 3) by = 0.12 eV per RS—
based on scanning tunneling microscopy (STM) results at low Au,y—SR moiety, a figure that is consistent with their
coverage® and X-ray diffraction of thiolate-capped gold coexistence on the Au surface as observed by STM."> On the
nanoclusters.” These models could provide an attractive unified other hand, recent molecular dynamics calculations for MT
view of the gold—thiolate interface, as they describe the c(4 X have suggested that, due to fast adatom diffusion, a scenario
2) lattice on planar (111) surfaces and also the surface structure
of gold nanoclusters.”® Other models involving RS—Au,4 units Received: November 1, 2012
have also been proposed to describe both the (\/3 X \/3)— Revised: ~ December 28, 2012
R30° and c(4 X 2) lattices.” Published: January 3, 2013

W ACS Publications  © 2013 American Chemical Society 2160 dx.doi.org/10.1021/jp310800e | J. Phys. Chem. C 2013, 117, 21602165


pubs.acs.org/JPCC

The Journal of Physical Chemistry C

where each c¢(4 X 2) cell contains solid-phase Au,y at room
temperature is unlikely.'”” To our knowledge, a comparative
stability analysis based on DFT calculations between the dense
(3 X 4) and c(4 x 2) lattices consisting of RS—Au,—SR
species has not been performed until now. The situation is
more complicated in the case of the (\/ 3 X \/ 3)R30° lattice
consisting of RS—Au,4 moieties, as this becomes more unstable
than the same MT lattice on unreconstructed Au(111)
(without Au,y).

The theoretical study of longer alkanethiols on Au(111)
introduces new challenges: van der Waals (vdW) dispersion
forces need to be considered because they could have a strong
influence on the organization and stability of the adsorbates in
the SAM. In fact, it has been reported that vdW interactions
stabilize the surface structures,16 although these DFT
calculations have been limited to a (\/ 3 X \/ 3)-R30° lattice
and also for a nonreconstructed Au(111) surface (without Au
adatoms). On the other hand, DFT molecular dynamic
calculations for the c¢(4 X 2) MT and hexanethiol (HT)
lattices containing a mixture of RS—Au,y—SR, adsorbed RS
species, and vacancies including vdW interactions has been
performed, also revealing the role of the hydrocarbon chains in
stabilize the lattices.'” Moreover, an important improvement in
the calculations is a recent work that models the effect of vdW
dispersive forces in a c(4 X 2) superstructure consisting of RS—
Au,4—SR complexes as a function of the hydrocarbon chain
length.'® Results from that paper reveal the greater stability of
the SAMs as the hydrocarbon chain is increased and the role of
attractive interactions between RS—Au,—SR complexes at
shorter distances.

Therefore, under this scenario new questions can be added
to the existing controversy of the complex thiolate—Au(111)
interface: Is it possible that MT organizes into different surface
structures with similar stability, thus justifying the different
experimental results? Why is the (3 X 4) structure observed
only for short thiols such as MT and ET? Are vdW forces
playing a role in selecting the surface structures as the
hydrocarbon chain is increased? And what is the chemistry of
the surface species: RS—Au,q—SR or RS—Au,4?

Because the thiol surface coverage and the number of
thiolate—Au bonds are the same for all surfaces structures (6 =
!/5), a detailed theoretical study of the stability for different
adatom-containing thiolate lattices opens the possibility to
explain and predict surface structure transitions in thiolate—
Au,g-containing lattices as a function of the number of C atoms
in the hydrocarbon chain.

In this work we have made vdW-DFT calculations to
investigate the role of hydrocarbon chain length for selecting
the surface structure (that contains thiolate—Au,y species) for
MT, BT, and HT on the Au(111) surface. We present the first
evidence that vdW forces are responsible for the surface
structure transition experimentally observed in RS—Au4—SR-
containing lattices. Moreover, our stability analysis opens the
possibility for the coexistence of different reconstructions on
the same surface, thus explaining the different experimental
results reported for the MT SAMs. In addition, we have studied
the (\/ 3 X \/ 3)-R30° Ilattice with RS—Au,; moieties for
comparison, giving the possibility to test the effect of a different
surface chemistry (RS—Au,g—SR vs RS—Au,,) in the stability of
alkanethiol SAMs. Note that although this comparison has
already been made for MT,* it has not been yet performed for
longer alkanethiols, where vdW interactions could have a
critical role. Once again, we have found that RS—Au,—SR
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species in (3 X 4) and c(4 X 2) lattices are highly favored over
RS—Au, in the (/3 X 1/3)-R30° lattice.

B METHODS AND EXPERIMENTAL DETAILS

Density Functional Theory Calculations. Density func-
tional theory calculations have been performed with the
periodic plane-wave basis set code VASP 5.2.'”*° We have
followed the scheme of nonlocal functionals proposed by Dion
et al,”! vdW-DFT, and the optimized Becke88 exchange
functional optB88-vdW>” to take into account van der Waals
interactions. This functional has been successfully used to study
others adsorption processes.”>** We have also compared these
results to others that do not include vdW interactions by using
the Perdew—Burke—Ernzerhof (PBE) functional of generalized
gradient approximation (GGA). The electronic wave functions
were expanded in a plane-wave basis set with 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 represented by a five-atomic-layer slab
with 12 A vacuum. Optimal grids of k-points of S X 4 X 1 have
been used for both (3 X 4) and (3 X 2\/3) supercells.
Alkanethiol radical species were optimized in an asymmetric
box of 10 A X 12 A X 14 A. Because of the large unit cell size,
Brillouin zone integration was carried out at the I' point only.
The calculated lattice constants are 4.16 A (optB88-vdW) and
4.17 A (PBE), in good agreement with the experimental value
(4.078 A).*® The binding energy E, is calculated as
_ 1 [Ehiol/Au

Ey
Niiol

R
- EAu(lll) - NthiolEthiol]

(1)

where EhioVAu E%u(m), and Eg,, stand for total energy of the
adsorbate—substrate system, total energy of Au slab when RS
moieties are removed, and the alkanethiol radical, respectively,
whereas Ny, is the number of thiolate radicals in the surface
unit cell. In all cases Ny, = 4 [also for the RS—Au,4 model for
the (\/ 3 X \/ 3)R30° BT lattice]. Because Au adatoms in both
surface models are in bridge position (Figure 2) but this site is
not a stable minimum, E%u(lll) has been calculated by allowing
only a constrained relaxation of the Au adatoms.'® A negative
number indicates that adsorption is exothermic with respect to
the separate clean surface and thiol radical.

Materials. Hexanethiol (Fluka, 97%) and absolute ethanol
(Carlo Erba, 99.5%) were used as received. Evaporated Au films
on glass with (111) preferred orientation (AF 45 Berliner Glass
KG, Germany) were used as substrates. After annealing for 3
min with a hydrogen flame, these Au substrates exhibit
atomically smooth (111) terraces separated by steps of
monatomic height, as revealed by scanning tunneling
microscopy (STM).

Hexanethiol Self-Assembled Monolayer Preparation.
HT SAMs were formed on the Au(111) substrates by
immersion of the clean substrates in deaerated S0 yuM HT
ethanolic solutions for 24 h. Then the samples were removed
from the solution, rinsed with the solvent, dried with N,, and
imaged in air by STM.

Scanning Tunneling Microscopy. In-air STM experi-
ments were performed in the constant current mode with an
ECM scanning probe microscope from Veeco Instruments
(Bruker, Santa Barbara, CA) controlled by a Nanoscope IIIA
unit, also from Veeco Instruments. Mechanically cut Pt—Ir tips
were used and typical bias voltages (Ey,,), set-point currents,
and scan rates were 0.5—0.8 V, 0.5—0.8 nA, and 1-30 Hz,
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respectively. The scanner calibration was checked by imaging
highly oriented pyrolytic graphite (HOPG) with atomic
resolution.

B RESULTS AND DISCUSSION

First, we briefly discuss the motivation for the use of RS—Au4—
SR moieties for alkanethiols SAMs with C atom number
between 1 and 6. Indeed, while the presence of thiolate—Au,4
species on MT and ET SAMs at saturation coverage forming (3
X 4) lattices has been recently well documented,”"'™"* the
presence of RS—Au, 4—SR moieties in longer alkanethiol SAMs
such as HT needs careful justification. In fact, although some
evidence supporting the presence of these species have been
given from analysis of the gold adatom island coverage after
hydrogen desorption of longer alkanethiol SAMs,*%% the
progressive increment of the (\/ 3 X \/ 3)-R30° domains with
increasing length of the hydrocarbon chain turns the
interpretation of the data more complex. Therefore, we decided
to analyze the surface coverage of vacancy islands (6,,.) on HT-
covered large terraces to estimate the amount of Au 4 needed to
form the thiolate—Au,qy species on the Au(111) surface. In
particular we have used top-rounded large terraces (Figure 1)

HT SAMSs on Au(111)
a)
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Figure 1. Hexanethiol SAMs on Au(111). (a, left) Three-dimensional
image (331 X 331 nm?) showing rounded, concentric gold terraces
separated by monatomic steps. (a, center) Image (150 X 150 nm?”)
corresponding to a zoom of the top-rounded terrace. Vacancy islands
are observed as dark spots. (a, right) Histogram of vacancy island
coverage, built with information from STM images of large HT-
covered top-rounded Au terraces corresponding to 24 different
samples. (b, center) Pie chart showing HT lattice proportion. (b,
left and right) High-resolution STM images (10 X 10 nm?®) of (left)
c(4 X 2) and (right) (\/3 X \/3)-R30° lattices.

to calculate 6,,. because in this kind of terrace there is no
chance of Au,4 contribution from step edges to form thiolate—
Au,q species, which would complicate estimation of the total
amount of Au, arising from vacancy islands, as already
discussed.”® Note also that Au,y produced by thiol adsorption
should be confined to those terraces due to the Ehrlich—
Schwoebel energy barrier at descending step edges,” which
inhibits interlayer adatom diffusion. Therefore, in our measure-
ments 0, can be validly used to estimate the total amount of
Au, removed from the Au surface, and to estimate the
stoichiometry of the thiolate—Au,y; complexes without sig-

nificant contributions from step edges.
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Results from our analysis show that although the average size
of the vacancy islands can vary from sample to sample (data not
shown), their coverage 0,,. is ~ 0.12 (Figure 1). Therefore, we
have surface Au,y coverage 0,4 ~ 0.12 arising from terraces and
also an additional 8,4 &~ 0.04 provided by the lifting of the
herringbone Au(111) reconstruction.”® This results in 64
&~ 0.16, a figure that is in excellent agreement with the
theoretically expected value for the staple model (RS—Au,—
SR) and far from that expected for the RS—Au,4 model. In fact,
for alkanethiolate coverage 0 = '/;, 0,4 is & 0.16 if RS—Au,4—
SR species are present and 8,4 = 0.33 for RS—Au,4 moieties. It
should be noted that the c(4 X 2) surface structure, which is
consistent with the RS—Au,4—SR species, largely predominates
over the (\/ 3 X \/ 3)-R30° structure (Figure 1), supporting the
presence of these species as the main component in HT SAMs.
It should also be noted that our experimental data for Au 4 are
in excellent agreement with those reported from gas-phase
alkanethiol desorption.?“é’27 Also, BT, an intermediate case,
yields mainly the c(4 x 2) lattice,”® thus justifying the
description of these lattices in terms of RS—Au,y—SR
moieties.>! In contrast to the case of longer alkanethiols, the
c(4 x 2) lattice is spontaneously formed for BT and HT and
predominates over other possible lattices, and thus no
annealing is needed.”®

In the next step we present our DFT calculations for the (3
X 4) and c(4 X 2) lattices consisting of RS—Au,q—SR motifs.
Figure 2 shows the optimized structures with optB88-vdW
functional for (a, b) MT, (c, d) BT, and (e, f) HT in the (3 X
4) (left panel) and c(4 X 2) (right panel) configurations. In all
cases we have found that the Au adatoms of the RS—Au_4—SR
moieties lie on bridge sites of the Au surface, while the S atoms
are bound not only to the Au adatom but also to the Au surface
at nearly on-top positions.

Detailed structural information from the vdW-DFT calcu-
lations performed is displayed in Table 1, where we analyze the
S—Au,,—S angle, a(S—Au,4—S); the tilt of the molecular axis
(C—C direction on the same side of the chain) with respect to
the surface normal, ay; the angle between S—C, bond and the
surface normal, «,; the Augy—surface Au atom distance,
d(Auy—Aug,s); the S—Au adatom distance, d(S—Au); and
the S—surface Au atom distance, d(S—Auy). In order to
compare the relevant results, all these geometrical parameters
have been averaged between equivalent positions. We have
found no significant differences in either d(S—Aug,s) or a(S—
Au_4-S) for MT, BT, and HT in both (3 X 4) and c(4 X 2)
surface structures. However, the ay, values change not only
with the chain length but also with the surface structure. In fact,
this angle is &~ 67° for MT in the c(4 X 2) and (3 X 4) lattices,
~ 13—15° for BT and HT in the (3 X 4) lattice, and 32—34°
for BT and HT in c(4 X 2). While BT and HT in the c(4 X 2)
lattice show o, values close to those experimentally found in
alkanethiol SAMs (= 30°),** BT and HT in the (3 X 4) lattice
exhibit much smaller and unrealistic a;, values (~ 13—15°).
The variation of @, when the chain length is increased in the
c(4 x 2) lattice is in good agreement with results reported from
DFT calculations for unreconstructed (\/ 3 X \/ 3)R30°.'
Indeed, it is well-known'® that the tilt angle leads to important
variations in the molecular conformation at the surface. In fact,
for the c(4 X 2) lattice, the @, value in MT (Table 1) indicates
that the S—C, bond is slightly closer to the Au surface than for
BT and HT, whose @, values are similar. In contrast, for the (3
X 4) structure, the a; value in HT reveals that the S—C, bond
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Figure 2. Optimized surface structures (optB88-vdW). Left panel: (3
X 4) configurations of (a) MT, (c) BT, and (e) HT. Right panel: c(4
X 2) surface structure of (b) MT, (d) BT, and (f) HT. (Insets) Lateral
views of each of the different surface structures. Green, S; black, C;
white, H; blue, Au adatom; yellow, Au. The corresponding unit cells
are drawn in each panel (solid black lines).

is farther from the surface than those corresponding to MT and
BT due to steric constraints.

The E, values of MT, BT, and HT in the different lattices
have also been included in Table 1. As expected, vdW
interactions play a relevant role in the adsorption process: E,
values markedly increase (become more negative) with
increasing alkyl chain length. Our calculations show that the
adsorption of MT is slightly stronger in the (3 X 4) lattice than
in the c(4 X 2) surface structure, as the binding energy
difference AE;, [E,(vdW) (4x2) — Ep(vdW)(354)] is only +0.01
eV. This is not surprising because these surface structures are,
in principle, rather similar in terms of all structural parameters
(Table 1).

In contrast, for BT and HT, the binding energy difference
between both lattices is reverted and increases with hydro-
carbon chain length (AE, is —0.08 eV for BT and —0.14 eV for
HT). This behavior can be rationalized in terms of the
increasing difficulty to organize longer hydrocarbon chains in
the (3 X 4) structure due to steric hindrance.*®

There are also some other interesting conclusions. First, in
going from the c(4 X 2) and (3 X 4) BT structures to the
corresponding HT structures, vdW forces add ~ 0.105 eV/CH,
unit for the c(4 X 2) lattice and ~ 0.075 eV/CH, unit for the
(3 X 4) lattice; these figures are on the order of those
experimentally measured for chain—chain interactions in
alkanethiol SAMs (x~0.08—0.04 eV/CH, unit)."*** The
smaller estimated values in the experiments can be explained
by considering that real SAMs show chain disorder and a large
amount of surface defects.’® On the other hand, the lower value
found in the vdW-DFT calculations for the (3 X 4) lattice when
compared with c(4 X 2) is consistent with the fact that
hydrocarbon chain interactions cannot adopt the best
configuration. 3

However, as already discussed,”” the binding energy is not a
valid criterion to predict the stability of the different surface
structures, since it does not consider the energy cost to
reconstruct the Au(111) surface; that is, the energy required to
remove the Au adatoms needed to form the RS—Au,—SR
moieties. Therefore, in order to estimate the stability of the
different arrangements for HT, BT, and MT on the Au(111)
surface, we have compared two energetic terms: on one hand,
the cost to form the reconstructed surface per unit cell, E,., and
on the other hand, the gain of stability when Ny, thiols bind to
the surface unit cell, Ny, E,. The reconstruction energy per
unit cell for the different surfaces has been calculated as
odBiulk

R U
Ee = EAu(lll) - EAu(lll) - 2)

Table 1. Energetic (optB88-vdW and PBE) and Structural Data (optB88-vdW) of Methanethiol, Butanethiol, and Hexanethiol

SAMs on Au(111)

MT
c(4 x2) (3x4)

E, (optB88-vdW),” eV —291 -2.92

E, (PBE),® v —2.38 —2.40

d (Au—Aug ), A 295 2.96

d (S—Auge),? A 2.52 2.53

d (S—Auy),° A 2.34 2.34

@ (S—Au,—S); deg 169.0 175.6

QS deg 68.0 67.3

a,” deg 68.0 673

BT HT

c(4x2) 3x4) c(4x2) (3x4)
—-3.28 -3.20 —3.49 -3.35
—2.34 —2.31 -2.33 -2.18
2.94 2.94 2.94 2.93
2.54 2.53 2.54 2.52
2.34 2.34 2.34 2.34
168.6 174.0 168.6 175.7
344 127 322 15.3
62.5 64.8 63.5 54.6

“Binding energy obtained with dispersion forces among alkyl chalns in alkanethiol SAMs. Bmdlng energy obtained without dlsperswn forces among
alkyl chains in alkanethiol SAMs. “Au,y—surface Au atom distance. 9S_surface Au atom distance. “S—surface Au adatom distance.’S—Au,4—S angle.
ETilt of the molecular axis with respect to the surface normal. Angle between S—C; bond and the surface normal.
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Table 2. Comparative Stability of Different Surface Structures

MT BT HT
(4 % 2) (3% 4) (4 % 2) (3% 4) (V/3 X V/3)R30° (4 % 2) (3% 4)
NyoiEo eV —11.64 —11.68 —13.12 —12.84 ~10.60 -13.96 —13.40
E,., eV +2.08 +2.04 +2.08 +2.04 +2.98 +2.08 +2.04
NyoBo + Eew €V ~9.56 —9.64 ~11.04 ~10.80 -7.62 —11.88 ~11.36

where Egu(m) corresponds to the energy of the unrecon-
structed Au(111) surface, calculated in the same unit cell as that
used for the E}iu(lll) estimation, and Epy, is the total energy of a
bulk Au atom, while 7,4 is the number of Au adatoms in the
surface unit cell. Thus, E,.. is the energy related to Au adatom
formation, which yields the RS—Au—SR moieties, and in order
to account for the stability of the different surface structures for
MT, BT, and HT, Ny, + E,.. (Table 2) is the value that
should be considered.

Results in Table 2 show that the E,. value needed to
reconstruct the (3 X 4) lattice is 0.04 eV smaller than that
needed to reconstruct the c(4 X 2) lattice. The same difference
in E,. has been estimated for RS—Au,4—SR complexes in trans
and cis configurations in the c(4 X 2) lattice by Ferrighi et al.'®
employing a meta-GGA functional. For MT, an additional 0.04
eV/unit cell arises from the difference in E,, favoring the (3 X
4) lattice (Table 1). Both contributions explain why the c(4 X
2) MT lattice is less stable than the (3 X 4) lattice by ~ +0.08
eV/unit cell, thus supporting the experimental observations
reported in ref 12.

Also, DFT calculations with the PBE functional, for which
the effect of the hydrocarbon chains is negligible, show that E,
is favored for the (3 X 4) MT lattice.

It is interesting to note the key role of the substrate in
determining the MT lattice, as DFT calculations for the RS—
Au,g—SR complexes in vacuum (in the absence of the Au
substrate) give the opposite result: the cis configuration
becomes more stable than the trans configuration by = 0.13
eV. Therefore, the difference in stability of the adsorbed
complexes at the Au surface should be carefully analyzed. While
the cis and trans complexes in vacuum have a similar optimized
value (x176°) for a(S—Au,q4—S), this angle is slightly distorted
when the cis-RS—Au,—SR complex [c(4 X 2) lattice] is
adsorbed on Au surface, decreasing about 10° (Table 1). In
contrast, the a(S—Au,—S) value for the trans-RS—Au,;—SR
complex adsorbed on the Au substrate [(3 X 4) lattice] remains
unchanged with respect to the optimized value found in
vacuum. In order to test the effect that this subtle difference
implies in terms of stability, we have calculated the DFT energy
for the RS—Au,y—SR complexes frozen in the optimized
geometries that they adopt on the Au surface, using an
asymmetric box of 10 A X 12 A X 14 A. In agreement with
previous data,®® our results show that that the adsorbed trans
configuration [a(S—Au,y—S) ~ 176°] is more stable than the
cis configuration [a(S—Au,y—S) &~ 169°], thus confirming that
the geometric distortion induced by the substrate on the
adsorbed cis complexes could be responsible for the slight
decrease in stability of the c(4 X 2) lattice.

Now we will focus on the evolution of SAM stability as the
hydrocarbon chain is increased. In contrast to MT, the c(4 X 2)
lattice (cis configuration) is more stable than the (3 X 4) lattice
(trans configuration) for BT and HT, as Ny, E;, + E,.. are more
negative by —0.24 and —0.52 eV, respectively. In this case the
greater cost to reconstruct the c(4 X 2) lattice is compensated
by a larger binding to the surface and by the vdW forces
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resulting from a better optimization of hydrocarbon chain
interactions. This last feature becomes more evident as the
stability of the c(4 X 2) lattices markedly increases with the
hydrocarbon chain length, as shown in Figure 3.

c(4x2)

1 2 3 4 5 6
C units
Figure 3. Stability diagram Ny, E;, + E.. in electronvolts as a function

of the hydrocarbon chain length (in C units). Note that the two lines
intersect at C = 2.

This diagram fairly predicts that the (3 X 4) lattice is slightly
more stable for MT and ET, while the c(4 X 2) lattice
predominates for longer alkanethiols (2 < C units < 6).
Moreover, the slight difference in stability between the (3 X 4)
and c(4 X 2) lattices in short thiols opens the possibility of
coexistence of different reconstructions on the same surface,
thus explaining the experimental observations in MT
SAMs. '

There is another interesting point to explain the effect of
hydrocarbon chain length on stability of the different lattices. In
Table 1 we have included DFT results without considering
vdW interactions made by using the PBE functional. In this
case E, should reflect only the Au—S bond strength. These
results show that while E, remains almost constant for MT, BT,
and HT in the c(4 X 2) structure, E;, decreases for the (3 X 4)
lattice as the hydrocarbon chain is increased; that is, the Au—S
bond strength becomes weaker. This distinct behavior in the
absence of van der Waals interactions correlates with the
behavior of the angle between the C,;—S bond and the surface
normal, which shows the same trend in the presence of
dispersive forces (see Table 1). Then, the large deviation of HT
in the (3 X 4) lattice toward a small stability in Figure 3 can
also be understood through steric hindrance to accommodate
the hydrocarbon chains that also reflects in a weaker Au—S
bond.

Finally, it is interesting to note that Woodruff and co-
workers” have studied MT adsorption on Au(111) by X-ray
standing waves. In that paper, the authors concluded that their
experimental data could be explained by a model consisting of
RS—Au,y moieties in the (\/ 3 X 4/3)-R30° configuration.
While previous calculations have shown that this model is
thermodynamically less favorable than a (1/3 X \/ 3)-R30° MT
on an unreconstructed Au(111) surface,*” it has been recently
suggested that this model could be valid for intermediate and
long alkanethiols,'>** where this lattice is frequently observed
(Figure 1). We have calculated the BT—Au,; adsorption on
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Au(111) including vdW interaction forces. For a better
comparison we have employed the c(4 X 2) unit cell with
four BT —Au,4 moieties. Again, our DFT results show that the
RS—Au,q lattice is energetically unfavorable with respect to the
corresponding RS—Au,4—RS lattice by ~3.4 eV (Table 2).

B CONCLUSIONS

Our results can explain why MT and ET organize in (3 X 4)
surface structures while intermediate thiols (2 < C units < 6)
organize in c(4 X 2) lattices. The (3 X 4) = c(4 X 2) lattice
transition for alkanethiols with C units > 2 is driven by vdW
dispersion forces among hydrocarbon chains, which are more
important in the case of the c(4 X 2) surface structure, a fact
that also reflects in a stronger Au—S bond. For both short and
intermediate chain length alkanethiol SAMs, the formation of
RS—Au4—SR species is highly favored. The slightly higher
stability of the (3 X 4) over the c(4 X 2) MT lattices arises
from both the smaller energy cost to reconstruct the Au(111)
surface and the larger binding energy. This small difference in
stability also explains why both lattices have been found by
experimental observations on the Au(111) surface. The next
challenge will be to include alkanethiols with longer hydro-
carbon chains (C units > 8) in the surface structure diagram, as
they predominantly show the (\/ 3 X \/ 3)-R30° lattice, a
structure that present models cannot describe in terms of RS—
Au,g—SR complexes.”
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B NOTE ADDED AFTER ASAP PUBLICATION

This paper was published on the Web on January 15, 2013,
with an error to reference 22 and the Methods and
Experimental Details Section. The corrected version was
reposted on January 24, 2013.
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