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Abstract: The bonding of sulfur to surfaces of gold is an important subject in several areas of chemistry,
physics, and materials science. Synchrotron-based high-resolution photoemission and first-principles density-
functional (DF) slab calculations were used to study the interaction of sulfur with a well-defined Au(111)
surface and polycrystalline gold. Our experimental and theoretical results show a complex behavior for the
sulfur/Au(111) interface as a function of coverage and temperature. At small sulfur coverages, the adsorption
of S on fcc hollow sites of the gold substrate is energetically more favorable than adsorption on bridge or
a-top sites. Under these conditions, S behaves as a weak electron acceptor but substantially reduces the
density-of-states that gold exhibits near the Fermi edge. As the sulfur coverage increases, there is a
weakening of the Au-S bonds (with a simultaneous reduction in the Au f S charge transfer and a
modification in the S sp hybridization) that facilitates changes in adsorption site and eventually leads to
S-S bonding. At sulfur coverages above 0.4 ML, S2 and not atomic S is the more stable species on the
gold surface. Formation of Sn (n > 2) species occurs at sulfur coverages higher than a monolayer. Very
similar trends were observed for the adsorption of sulfur on polycrystalline surfaces of gold. The S atoms
bonded to Au(111) display a unique mobility/reactivity not seen on surfaces of early or late transition metals.

I. Introduction

In general, the bonding of sulfur to surfaces of metals is an
important topic in catalysis,1-3 electrochemistry,4-6 interfacial
physics,7,8 and materials science.9-12 The reaction of sulfur with
a metal can produce adsorbed sulfur species or sulfide com-

pounds, dramatically changing the chemical properties of the
metal element.1-3,13 In the chemical and petrochemical indus-
tries, millions of dollars are lost every year due to the negative
effects of sulfur poisoning on the activity and selectivity of
supported metal catalysts.2,3 Sulfur-containing molecules are
frequently found as impurities in petroleum-derived chemical
feedstocks and synthesis gas.2,3 These sulfur-containing mol-
ecules decompose, and sulfur species are deposited on metal
catalysts used for the reformation or transformation of hydro-
carbons, the hydrogenation of olefins, the synthesis of methanol,
the oxidation of CO, the reduction of NO, the water-gas shift
reaction, etc.2,3 On metal catalysts, sulfur poisoning is a complex
phenomenon that can arise from blocking the access of reactants
or intermediates to active sites (i.e., deactivation by steric effects)
or from a direct modification of the chemical properties of the
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active sites (i.e., deactivation by electronic effects).1-3,14 To
minimize the negative effects of sulfur poisoning, one needs a
fundamental and general understanding of metal-sulfur
interactions.1-3,7,14,15Recently, gold has become the subject of
a lot of attention due to its unusual catalytic properties when
dispersed on some oxide supports (TiO2, CrOx, MnOx, Fe2O3,
Al2O3, MgO).16-21 Several models have been proposed for
explaining the interesting behavior of supported gold,16-20 and
in many situations the special catalytic properties of this system
or bulk metallic Au disappear as a consequence of sulfur
poisoning.2,3,21

Gold surfaces are also used as models to examine the
adsorption of sulfur in electrochemical studies (the ability of
sulfur to modify the properties of metal electrodes is broadly
recognized)4,7 and as templates for growing self-assembled
monolayers (SAMs) of thiols and related organosulfur mol-
ecules.9,11,12These compounds undergo S-H bond cleavage and
bind to the gold substrate via the S-end.9,12Given the wealth of
potential technological applications (lithography, lubrication,
development of sensors, corrosion inhibition, catalysis, molec-
ular recognition, etc.), the interest in the underlying chemistry
and physics of SAMs has been steadily growing during the past
decade.9,11b,22-32 Independent of the type of organic chain
present, basic issues about the nature of the sulfur/gold interface
are still open.9,12,22-32 For alkylthiols (RS) on Au(111), studies
with various experimental techniques point to different adsorp-
tion sites for S, some of them contrary to chemical intu-
ition.11,12,23,24,28,33An identical situation is found in theoretical
works.22,24,27,29,30,32For example, ab initio cluster calculations
for CH3S on Au(111) predict bonding on hcp hollow sites.24 In
contrast, density-functional (DF) slab calculations give either
the bridge29,30,32 or the hollow fcc22,27 as the most stable
adsorption site for CH3S on Au(111). A change in adsorption

site with coverage has been proposed by some authors9,11band
rejected by others.27,30 Another important point of controversy
is the possible formation of S-S bonds in the sulfur/gold
interface.11c,12,23a,24,28a,33,34According to the “standard model”,
alkylthiols occupy three-fold hollow sites of the Au(111)
substrate with S-S spacings of∼5 Å.12a,23a,24,33On the other
hand, in the “sulfur-pairing model”, alkylthiols form sulfur-
headgroup dimers with S-S spacings of 2.2 Å.11c,12b,28a,34For
all of these reasons, it is important to study the bonding in a
sulfur/gold interface and how this “simple” system behaves as
a function of adsorbate coverage and temperature.

In this article, we use synchrotron-based high-resolution
photoemission, thermal desorption mass spectroscopy (TDS),
and first-principles DF calculations to carry out a systematic
study of the interaction of sulfur with Au(111) and polycrys-
talline gold. High-resolution photoemission is very sensitive to
changes in the adsorption site of sulfur on metals and to the
formation of S-S bonds.1,35-37 Following the approach of
previous theoretical studies,22,24,27,29,30,32we perform DF calcula-
tions using pseudopotentials to describe the core electrons of
Au and S, but in this work we also carry out first-principles
calculations that includeall of the electrons in the S/Au system.
A series of exchange-correlation functionals based on the
generalized-gradient approximation (GGA) are utilized: Per-
dew-Wang (PW91),38 Purdue-Burke-Ernzerhof (PBE),39 and
a revised version of this functional (RPBE) developed to provide
better values of chemisorption energies.40 In this way, we obtain
a robust theoretical description of the sulfur/Au(111) interface.
Our experimental and theoretical results show that sulfur atoms
bonded to Au(111) have a unique mobility (not seen on surfaces
of other transition metals) that allows them the facile change
of adsorption site with coverage and the formation of Sn

aggregates.

II. Experimental and Theoretical Methods

II.1. Photoemission and Thermal Desorption Experiments.The
photoemission experiments for the adsorption of sulfur on Au(111) and
polycrystalline surfaces of gold were performed in a standard ultrahigh
vacuum chamber (base pressure∼6 × 10-10 Torr) that is part of the
U7A beamline of the National Synchrotron Light Source (NSLS) at
Brookhaven National Laboratory.41 This ultrahigh vacuum (UHV)
chamber contains a hemispherical electron energy analyzer with multi-
channel detection, instrumentation for low-energy electron diffraction
(LEED), a quadrupole mass spectrometer, and a dual anode Mg/Al KR
X-ray source. The S 2p, Au 4f, and valence spectra were taken using
a photon energy of 380 or 260 eV. The binding energy scale of the
photoemission spectra was calibrated by the position of the Fermi
edge.41 The energy resolution in the photoemission experiments was
0.3-0.4 eV. Mounting of the Au(111) sample in the UHV chamber
was done following the procedure described in ref 42. In short, the
gold crystal was held by one 0.5 mm diameter tantalum wire wrapped
along a groove machined in the edge of the crystal. The sample could
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be cooled to as low as 100 K by thermal contact with a liquid nitrogen
reservoir and resistively heated to 1200 K. The temperature was moni-
tored by a type C thermocouple inserted in a hole at the sample edge.
The Au(111) surface was cleaned by repeated cycles of 1 keV Ne+

ion bombardment followed by heating at 900 K until no impurities
were detected by photoemission. Photoemission experiments were also
carried out for the adsorption of sulfur on polycrystalline surfaces of
gold. These rough surfaces were generated by vapor depositing multi-
layers of gold on a Mo(110) substrate as described in previous work.43

The thermal desorption experiments for sulfur/Au(111) were done
in a second UHV chamber (with a base pressure of∼5 × 10-10 Torr)
equipped with a hemispherical electron energy analyzer with single
channel detection, a dual X-ray source, and a residual gas analyzer
(SRS-RGA). The residual gas analyzer was surrounded by a stainless
steel jacket with a 10-mm aperture for the TDS measurements. The
crystal was positioned 1-2 mm away from the aperture to prevent
contributions of TDS signals from surfaces other than the sample. All
of the TDS spectra were collected at a heating rate of 2 K/s. The sample
was mounted as described above for the photoemission measurements.

In both UHV chambers, S2 gas was generated in situ from
decomposition of silver sulfide in a solid-state electrochemical cell,
Pt/Ag/AgI/Ag2S/Pt.37,44 The dosing of S2 was performed at sample
temperatures of 100 or 300 K.

II.2. First-Principles Density Functional Calculations. We carried
out self-consistent first-principles calculations within the Kohn-Sham
density-functional (DF) theory using the CASTEP code.45 In this code,
the wave functions of valence electrons are expanded in a plane wave
basis set with k-vectors within a specified energy cutoffEcut. Tightly
bound core electrons are represented by nonlocal ultrasoft pseudopo-
tentials.46 Brillouin Zone integration is approximated by a sum over
special k-points chosen using the Monkhorst-Pack scheme.47 The
exchange-correlation contribution to the total electronic energy is treated
in a generalized-gradient corrected (GGA) extension of the local density
approximation (LDA) using the PW91,38 PBE,39 or RPBE40 functionals.
In all of the calculations, the kinetic energy cutoffEcut (400 eV) and
the density of the Monkhorst-Pack k-point mesh{8 × 8 × 1 grid for
the smallest (1× 1) cells, reduced to a 8× 5 × 1 grid for the largest
(2 × 2) cells} were chosen high enough to ensure convergence of the
computed structures and energetics. For each optimized structure, the
partial charges on the atoms were estimated by projecting the occupied
one-electron eigenstates onto a localized basis set with a subsequent
Mulliken population analysis.48,49 Mulliken charges have well-known
limitations,50 but experience has shown that they are nevertheless useful
as a qualitative tool.

We also performed full-electron first-principles calculations for the
S/Au(111) system using the WIEN-97 program,51 which contains a full-
potential linearized augmented plane-wave (FLAPW) method51-54 that

is considered to be among the most accurate methods for performing
electronic structure calculations for crystals. The unit cell is divided
into a region containing nonoverlapping atomic spheres (centered at
the atomic sites) called muffin-tins, MT, and an interstitial region, IT.
In the two types of regions, different basis sets are used: a linear
combination of radial functions times spherical harmonics inside MT
and a plane wave expansion in IT. Inside the spheres, the potential
and charge density were expanded in lattice harmonics up tol ) 12.
A basis set size of about 500 augmented plane-waves per atom with
cutoffs RMTKmax ) 9.0 was used. Fifty-six points over the Brillouin
Zone and a quadratic tetrahedron method were chosen for k-space
numerical integration. The full-electron calculations were done using
the PBE exchange-correlation functional.39

Because all of the DF calculations were performed at the GGA level,
one can expect reasonable predictions for the bonding energies of sulfur
on different adsorption sites of Au(111).39,40 In any case, in this work
our main interest is in qualitative trends in the energetics, and not in
absolute values. The adsorption energy (AE) of sulfur was calculated
through the expression: AE) -{S/Au(111)- Au(111)- S(atoms in
cell)}. Following the usual convention, positive values of AE denote
an exothermic adsorption process. Spin polarization was used for
calculating S in the gas phase.32 After several tests, we found no need
for spin polarization in calculations involving S/Au(111).11

III. Results and Discussion

III.1. Adsorption of Sulfur on Au(111), Polycrystalline
Gold, and Other Metals. Figure 1 shows S 2p photoemission
data for the adsorption of sulfur on Au(111) at 300 K. Even for
small doses of S2 (two spectra at the bottom, above background
trace), the spectra have to be curve-fitted37,41 by a set of three
doublets with 2p3/2 components at∼160.8 (dominant doublet),
161.6, and 163.4 eV (very weak doublet). Comparison to
previous studies37,41indicates that the two doublets toward lower
binding energy correspond to sulfur atoms in different adsorption
sites. In a separate set of experiments, we found that after
annealing similar systems to 500 K, the doublet with the 2p3/2

component near 160.8 eV gained intensity with respect to the
other two. This doublet was by far the main S 2p signal for
sulfur/Au(111) surfaces that exhibited a (x3 × x3)R30° LEED
pattern.4 It can be assigned to S atoms bonded to three-fold
hollow sites of the Au(111) surface; see ref 4b and discussion
below. The (x3 × x3)R30° LEED pattern disappeared as the
sulfur coverage increased (>0.35 ML) and the S 2p features
above 163 eV rapidly gained intensity, being dominant when
the surface was saturated with a chemisorbed layer of the
adsorbate at 300 K. These high-binding energy S 2p features
denote the presence of Sn aggregates (n ) 2) on the metal
surface.36,37 The TDS and theoretical results described below
indicate that they mainly originate from adsorbed S2. Strong
evidence for the existence of Sn (n > 2) was found when dosing
sulfur at 100 K and depositing more than a monolayer of the
adsorbate on the surface. The graph in Figure 1 shows in detail
the evolution of the different sulfur species as a function of
coverage upon dosing at 300 K (without subsequent annealing
to high temperatures). Initially, at small sulfur coverages, S
atoms on hollow sites were the main surface species. Yet as
the dosing of sulfur increased above 0.33 ML (roughly judged
by the disappearance of the (x3 × x3)R30° LEED pattern),
the S atoms recombined (clear decrease in corresponding S 2p
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signal), and Sn aggregates became dominant on the surface.
Thus, sulfur atoms bonded to Au(111) at room temperature are
reactiVe enough to form S-S bonds at moderate and high
coVerages.This is consistent with a reduction in the strength
of the Au-S bond as the adsorbate coverage increases.

Figure 2 shows S 2p data acquired after heating a saturated
layer of chemisorbed sulfur (last spectrum in Figure 1) from
300 to 1000 K. Most of the S 2p signal for Sn disappears below
400 K. As the overall coverage of sulfur decreases, the amount
of adsorbed Sn species diminishes, while there is an increase in

Figure 1. Left: S 2p spectra for the adsorption of sulfur on Au(111) at 300 K. Right: Partial coverage for the different sulfur species as a function of total
coverage. The partial coverages were derived from the area under the corresponding S 2p doublets.

Figure 2. Left: S 2p spectra acquired after heating a surface initially saturated with chemisorbed sulfur at 300 K. Right: Partial coverage for the different
sulfur species as a function of temperature. The partial coverages were derived from the area under the curve-fitted S 2p doublets. The initial point (300 K)
corresponds to the last spectrum in Figure 1.
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the coverage of atomic S bonded to hollow sites of Au(111).
As seen in the adsorption experiments of Figure 1,here there
is also a clear indication for a largeVariation in the strength
of the Au-S and S-S bonds with coVerage.Furthermore, it is
likely that S atoms bonded to Au(111) have a relatively large
mobility, which allows them the facile change of adsorption
site and the formation of Sn aggregates whenθS varies.

The three curves at the bottom of Figure 3 show TDS data
for ∼1 layer of chemisorbed sulfur on Au(111). The two curves
at the top display the corresponding data for a multilayer of
sulfur obtained by dosing sulfur at 100 K.37 In the case of the
multilayer, there is coexistence of molecular species such as
S2, S4, S6, and S8,37 and in our TDS experiments we observed
evolution of masses 64 (S2), 96 (S3, not shown in figure), and
128 (S4) from 280 to 450 K. For the monolayer, only desorption
of mass 64 (S2, 300-450 K) was seen. At 500 K, S was still
present on the gold surface (Figure 2), but its S 2p intensity
disappeared in a wide range of temperature (500-800 K)
without yielding a significant signal for S or S2 in TDS.

Photoemission data for the adsorption of sulfur on a rough
surface of gold are shown in Figure 4. This polycrystalline
surface of gold was prepared by vapor-depositing a thick film
of Au on a Mo(110) crystal at 300 K43 and did not show a
LEED pattern. At small doses of sulfur, one sees a doublet in
the S 2p region that indicates the presence of atomic S bonded
to hollow sites of the Au surface (see above). As the sulfur
coverage increases, the S 2p spectra become complex, and a
set of three or four doublets (not shown) is necessary to curve-
fit them. After a large dose of sulfur at 300 K (saturated
monolayer), features for S and Sn are clear in the S 2p spectrum.
A comparison to the corresponding spectrum in Figure 1 for
sulfur/Au(111) shows that on the rough film the relative amount
of atomic S is larger than on the nearly flat surface. Yet in both
systems, changes in the S/Sn ratio indicate a variation in the
relative strength of the Au-S and S-S interactions with sulfur
coverage. This seems to be a general property of sulfur/gold
interfaces, because an identical phenomenon has been observed

with scanning tunneling microscopy (STM) during the elec-
troadsorption of sulfur on gold from NaOH/Na2S solutions.4b

It is worthwhile to compare the behavior of sulfur on Au-
(111) and well-defined surfaces of other transition metals. Figure
5 summarizes the results of photoemission studies for the sulfur/
Pt(111) system at 300 K.36b,55At a small sulfur coverage (0.15
ML), only a doublet is seen in the S 2p region arising from S
atoms bonded to fcc-hollow sites of the Pt(111) surface.56 As
the coverage of sulfur increases on the surface (>0.3 ML), new
features appear in the S 2p spectra.36b,55The spectrum for 0.93
ML of sulfur contains contributions from two different types
of sulfur species: atomic S (“a” in Figure 5) and Sn aggregates
(“b” in Figure 5). The situation is somewhat similar to that seen
in Figure 1 for sulfur/Au(111), but there are important differ-
ences. On Pt(111), there is no signal for Sn species at small
coverages (<0.3 ML), and anS f Sn transformation does not
occur when the sulfur coverage increases (panel in bottom-right
of Figure 5). Thus, the S atoms bonded to Au(111) have a higher
mobility/reactivity than those bonded to Pt(111). An even larger
difference in behavior is found when comparing to S atoms
bonded to early-transition metals.35,41b Figure 6 displays S 2p
spectra acquired after adsorbing sulfur on Mo(110) at 300 K.
Independent of adsorbate coverage, the dominant species on
the surface is atomic S. The same result is found on W(100).35

(55) (a) Rodriguez, J. A.; Kuhn, M.; Hrbek, J.Chem. Phys. Lett.1996, 251, 13.
(b) Rodriguez, J. A.; Kuhn, M.; Rodriguez, J. A.J. Phys. Chem.1996,
100, 15494.

(56) Kayek, K.; Glassl, H.; Gutmann, A.; Leonhard, H.; Prutton, M.; Tear, S.
P.; Welton-Cook, M. R.Surf. Sci.1985, 152/153, 419.

Figure 3. Bottom traces: Thermal desorption data (m/e ) 32, 64, or 128)
for ∼1 layer of chemisorbed sulfur on Au(111). Top traces: Thermal
desorption data (m/e ) 64 and 128) for a sulfur multilayer. The dosing of
sulfur was carried out at 100 K. Heating rate) 2 K/s.

Figure 4. S 2p photoemission spectra for the adsorption of sulfur on a
polycrystalline surface of gold. Initially, the surface was saturated with
chemisorbed sulfur at 300 K. In the final step, the sample was cooled to
100 K, and a multilayer of sulfur was vapor-deposited.
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An inverse correlation can be observed between the strength of
the metal-sulfur bonds (Mo≈ W . Pt > Au35,36b,41b) and the
formation of S-S bonds within the sulfur overlayer (Mo≈ W
, Pt < Au). The S atoms bonded to Au(111) display a unique
mobility/reactiVity not seen on surfaces of early or late transition
metals.In the next section, we use first-principles DF calcula-
tions to examine the adsorption of sulfur on different sites of
Au(111) and how the gold-sulfur bonding interactions vary as
a function of coverage.

III.2. Bonding of Sulfur to Au(111). The Au(111) surface
was represented by a four-layer slab as shown in Figure 7, which
was embedded in a three-dimensionally periodic supercell.45 A
vacuum of 12 Å was placed on top of the slab to ensure
negligible interactions between periodic images normal to the
surface.22,30 Four-layer slabs are frequently used to model the
adsorption of molecules on Au(111).22,29,30,32In test calculations
(using pseudopotentials), we found similar results for the
adsorption of S on four- and six-layer slabs of Au(111). Before
building the slab models, we optimized the geometry of bulk
gold, obtaining fcc lattice contants (ao) of 4.155 (PW91
functional), 4.162 (PBE), and 4.171 Å (RPBE) in the pseudo-
potential calculations. These lattice constants are very close to
the experimental value: 4.078 Å.45b The adsorbates (S, S2) were
set only on one side of each slab, and their geometry and the
geometry of the first two slab layers were completely relaxed
in the pseudopotential calculations. For the full-electron calcula-
tions, we used the structural geometries obtained using pseudo-
potentials and the PBE functional.

Figure 5. Left side: S 2p photoemission spectra for the adsorption of 0.15 and 0.93 ML of sulfur on Pt(111).55 Right side: Variation of the S 2p3/2 binding
energy and partial coverage of the “a” (atomic S) and “b” species (Sn aggregates) with total sulfur coverage.36b,55The sulfur was deposited using a S2 source,
and the coverage is reported with respect to the atomic density of a Pt(111) surface.

Figure 6. S 2p photoemission spectra for the adsorption of sulfur on
Mo(110) at 300 K. In the final step, the sample was heated to 500 K. The
sulfur was deposited using a S2 source, and the coverage is reported with
respect to the atomic density of a Mo(110) surface.
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Table 1 lists calculated bond distances and adsorption energies
for sulfur on Au(111). Using pseudopotentials, we carried out
a systematic study with three different exchange-correlation
functionals (PW91, PBE, RPBE) and sulfur coverages of 0.25,
0.5, and 1 ML. The switch of exchange-correlation functional
did not affect the qualitative trends. As expected,32,40,57 the
RPBE functional gave adsorption energies smaller than those
predicted by the PBE and PW91 functionals. The RPBE
adsorption energies should be the closest to the experimental
values.32,40Several key systems were also investigated by means

of full-electron calculations with the PBE functional giving
identical trends to those found in the pseudopotential calcula-
tions.

For a sulfur coverage of 0.25 ML, the stability of the
adsorption sites increases in the following sequence: a-top<
bridge< hollow hcp< hollow fcc. In agreement with previous
experimental56,58,59and theoretical studies7,32 for the adsorption
of S on the ideal (111) face of fcc transition metals,we find the
fcc hollows as the most stable sites for S on Au(111) at low
coVerages.The situation drastically changes at medium and large
sulfur coverages. As the coverage increases, there is a big drop
in the relative stability of the hollow sites (see Figure 8 or Table
1). In fact, for a full layer of atomic S, the a-top site is more
stable than any of the hollow sites. At 0.25 ML, the hollow fcc
site is more stable than the a-top site by more than 1 eV in the
pseudopotential and full-electron calculations. On the other hand,
for 1.0 ML, the a-top site becomes more stable than the hollow
fcc by 0.1-0.3 eV. As we will see below, these changes in
stability are accompanied by variations in the Au(6s,6p)-S(3s,-
3p) hybridization.

In the pseudopotential and full-electron calculations, the
overall adsorption energy of sulfur substantially decreases with

(57) Rodriguez, J. A.; Ricart, J. M.; Clotet, A.; Illas, F.J. Chem. Phys.2001,
115, 454.

(58) Mitchell, K. A. R. Surf. Sci.1985, 149, 93.
(59) Wong, P. C.; Zhou, M. Y.; Hui, K. C.; Mitchell, K. A. R.Surf. Sci.1985,

163, 172.

Figure 7. Top: Side view of the four-layer slab used to study the adsorption
of S and S2 on Au(111). Bottom: Top view of the unit cells used for the
different coverages of sulfur{1 × 1 or 2× 1 for 1 ML; 2 × 1 or 2× 2 for
0.5 ML; 2 × 2 for 0.25 ML} on the gold substrate.

Table 1. Adsorption of Sulfur on Au(111): Pseudopotential DF
Calculations

Au−S distance (Å) adsorption energy (eV)

PW91 PBE RPBE PW91 PBE RPBE

0.25 ML of Sulfur
(2 × 2) cell,

one S atom
a-top 2.26 2.26 2.27 2.23 2.17 1.92
bridge 2.37 2.36 2.38 3.40 3.31 3.03
hollow hcp 2.41 2.40 2.42 3.66 3.57 3.12
hollow fcc 2.39 2.39 2.39 3.83 3.72 3.31

0.50 ML of Sulfur
(2 × 1) cell,

one S atom
a-top 2.31 2.32 2.33 2.36 2.26 2.01
bridge 2.39 2.40 2.41 2.75 2.69 2.38
hollow hcp 2.47 2.46 2.47 2.87 2.75 2.46
hollow fcc 2.45 2.44 2.45 2.96 2.83 2.54
(2 × 2) cell,

two S atoms or S2
hollow fcc, S 2.45 2.43 2.44 5.88 5.64 5.06
brid + a-top S2 2.46,2.45 2.47,2.46 2.48,2.46 5.99 5.76 5.19

1.0 ML of Sulfur
(1 × 1) cell,

one S atom
a-top 2.39 2.37 2.40 2.56 2.48 2.09
bridge 2.62 2.61 2.65 2.34 2.26 1.85
hollow hcp 2.72 2.73 2.74 2.32 2.21 1.82
hollow fcc 2.70 2.71 2.73 2.31 2.22 1.81
(2 × 1) cell,

two S atoms or S2
a-top, S 2.38 2.39 2.40 5.08 4.93 4.14
top + top S2 2.47 2.46 2.48 6.26 6.06 5.37

Figure 8. Variation of the S adorption energy on fcc hollow and a-top
sites of Au(111) as a function of sulfur coverage. The pseudopotential
calculations were performed with either the PBE (top) or the RPBE (bottom)
functional.
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coverage. The weakening in the Au-S bonds favors ST S
interactions, and after full geometry optimization of the systems
with 0.5 and 1.0 ML of sulfur, we found that S2 and not atomic
S was the more stable species on the surface. Figure 9 illustrates
this in detail for the case of p(1× 1)- and p(2× 1)-S/Au(111)
surfaces. Initially, the overlayer of atomic S is on the hollow
fcc sites, and upon complete relaxation the S atoms move,
forming S2 molecules. In these adsorbed S2 molecules, the S-S
bond distance (1.95-2.0 Å) is somewhat larger than that found
for free S2 (∼1.90 Å). For a p(1× 1)-S/Au(111) system, the
most favorable configuration for atomic S (above a-top sites)
is also less stable than a configuration in which the atoms
dimerize and the resulting S2 molecules are parallel to the
surface bridging two Au atoms (Au-S-S-Au). The predictions
of the DF calculations are consistent with the photoemission
results in section III.1, which show a significant amount of S-S
bonding when the sulfur coverage on Au(111) is between 0.5
and 1 ML.Experiment and theory show that the sulfur coVerage
has a strong impact on the relatiVe strength of the Au-S and
S-S interactions.

For the Au(111) surface covered with a full monolayer of
sulfur (one adsorbate atom per surface atom), we performed
geometry optimizations with a (2× 2) cell, and S2 was more
stable than species such as S3 and S4. To see the formation of
Sn (n > 2) aggregates, we have to put more than a monolayer
of sulfur on the Au(111) surface. Interestingly, TDS data
collected during the heating of a sulfur monolayer show only
desorption of S2, but evolution of S3 and S4 is observed during
the heating of sulfur multilayers (see section III.1).

At small coverages, S bonds to Mo(110) above quasi-three-
fold hollow sites.60 We examined the adsorption of 0.25 and
1.0 ML of sulfur on Mo(110) using a four-layer slab model

Figure 9. Transformation of S into S2 on Au(111). Initially, 1 (top) or 0.5 ML (bottom) of S is above fcc hollow sites of the metal substrate. Relaxation
of the geometry leads to an overlayer of S2 molecules. Dark spheres indicate the position of the S atoms.

Figure 10. Total DOS plots calculated (full-electron, PBE functional) for
0.25 and 1.0 ML of atomic S on hollow fcc sites of Au(111). The vertical
arrows denote the position of the Fermi edge (Ef). 1 Ry ) 13.606 eV.
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and first-principles pseudopotential calculations. In general, the
adsorption energy of atomic sulfur was 1.8-2.1 times larger
than that on Au(111). As in the case of S/Au(111), there was a
drop in the adsorption energy of S with coverage for the S/Mo-
(110) system, but on the molybdenum surface a quasi-three-

fold hollow site was always the most favorable adsorption site,
and atomic S was more stable than S2 or Sn aggregates.These
differences highlight how unique and complex the behaVior of
the sulfur/gold interface can be.Our experimental and theoreti-
cal results suggest that the coverage can play an important role
in the structural properties of self-assembled monolayers of
thiols grown on gold surfaces.9,11bAt small gold coverages, the
gold substrate can make relatively strong bonds with sulfur, and

(60) (a) Chen, M.; Clark, P. G.; Mueller, T.; Friend, C. M.; Kaxiras, E.Phys.
ReV. B 1999, 60, 11783. (b) Toofan, J.; Tinseth, G. R.; Watson, P. R.J.
Vac. Sci. Technol., A1994, 12, 2246.

Figure 11. Partial DOS plots for the S 3p states in S/Au(111). Adsorption of S on hollow fcc sites with a coverage of 0.25 (left) or 1.0 ML (right).
Full-electron calculations, PBE functional. The vertical arrows denote the position of the Fermi edge (Ef). In our coordinate system, thez-axis is normal to
the surface. 1 Ry) 13.606 eV.
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no S-S bonding is expected, in agreement with the predictions
of several theoretical studies for the CH3S/Au(111) sys-
tem.22,27,30,32As the adsorbate coverage increases, there will be
a weakening in the strength of the Au-S bonds, which facilitates
changes in the adsorption site and could lead to S-S bonding.

The nature of the bond between sulfur and metals is an
important subject in catalysis,1-3,14 electrochemistry,4-6 inter-
facial physics,7,8 and materials science.9-12 Usually an elec-
tronegative element like sulfur61 is expected to withdraw charge
from metal surfaces.2,14 However, among the transition metals,
gold has the highest Pauling electronegativity, very close to that
of sulfur (2.58 for S versus 2.54 for Au).61 In our pseudopotential
calculations, we found that the Au-S bond was mainly covalent
with small negative charges on adsorbed S and S2 species. For
atomic S, the calculated Mulliken charges varied from∼ -0.2e
at θS ) 0.25 ML to ∼ -0.1e atθS ) 0.5 ML to ∼0e atθS )
1 ML. Thus, as the sulfur coVerage increases, there is a
weakening of the Au-S bonds (Figure 8) and a simultaneous
reduction of the Auf S charge transfer. On adsorbed S2, the
charge (∼ -0.05e) was almost zero. At all coverages, we found
that S and S2 species induced a significant decrease in the
density of states (DOS) that Au exhibits near the Fermi edge.
Previous theoretical studies for the adsorption of S on Pt,7 Pd,1,62

and Rh1,62also show an adsorbate-induced decrease in the DOS
of the metal substrate near the Fermi edge. The decrease in the
gold DOS near the Fermi edge should affect the ability of this
metal to respond to the presence on adsorbates1,3c,62and could
play an important role in the poisoning of catalytic and
electrocatalytic processes by sulfur.3,21

The bond between Au and S was mainly a consequence of a
Au(6s,6p)-S(3s,3p) hybridization. The sulfur orbitals involved
in the adsorption bond changed with coverage. Figure 10
displays DOS plots obtained in full-electron calculations for 0.25
and 1.0 ML of atomic S on hollow fcc sites of Au(111). The
intense features from-0.2 to 0.2 Ry correspond to the Au 5d
band, and above these appear S 3p and Au 6s,6p features. For
a sulfur coverage of 0.25 ML, the S 3s states are heavily
involved in the adsorption bond and strongly hybridize or mix

with the S 3p and Au valence states. This is not the case for a
sulfur coverage of 1 ML, where a S 3sband is located well
below the Au 5d band.EVidence for a change in S sp
hybridization with coVerageis also found in partial DOS plots
for the sulfur 3p states shown in Figure 11. The 3p states move
from below to above the Fermi edge (vertical arrows in figure)
when the sulfur coverages raise from 0.25 to 1.0 ML. This shift
is most noticeable in the case of the 3pz states, which are
essential for strong bonding interactions between the sulfur
overlayer and underlying gold substrate (in our coordinate
system thez-axis is normal to the surface). Because at high
coverage the metal is not able to interact well with all of the
adsorbate atoms, there is not need for a substantial sp hybridiza-
tion in sulfur.

IV. Conclusions

Our photoemission and DF results show a complex behavior
for the sulfur/Au(111) interface as a function of coverage and
temperature. At small sulfur coverages, the adsorption of S on
fcc hollow sites of the gold substrate is energetically more
favorable than adsorption on bridge or a-top sites. Under these
conditions, S behaves as a weak electron acceptor but substan-
tially reduces the DOS that gold exhibits near the Fermi edge.
As the sulfur coverage increases, there is a weakening of the
Au-S bonds (with a simultaneous reduction in the Auf S
charge transfer and a modification in the S sp hybridization)
that facilitates changes in adsorption site and eventually leads
to S-S bonding. At sulfur coverages above 0.4 ML, S2 and
not atomic S is the more stable species on the gold surface.
Formation of Sn (n > 2) species occurs at sulfur coverages
higher than a monolayer. Very similar trends were observed
for the adsorption of sulfur on polycrystalline surfaces of gold.
The S atoms bonded to Au(111) display a unique mobility/
reactivity not seen on surfaces of early or late transition metals.
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