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Ongoing experimental research effort is devoted to further the understanding of the adsorption of dithiol
molecules on gold surfaces with promising technological applications. To elucidate the subject from a theo-
retical perspective, we study the submonolayer adsorption of 1,4-butanedithiol molecules and radicals on the
unreconstructed Au�111� and Au�100� surfaces using density-functional theory. From the calculated local
energy minima the lowest-energy configurations are selected. The alkane chains are roughly parallel to the
surface, such that two sulfur-gold adsorbate-substrate bonds can form. On the unreconstructed Au�100� surface
dissociation of butanedithiol molecules into H2 in the gas phase and butanedithiol radicals chemisorbed on the
surface is energetically preferred. The two sulfur atoms of the radical adopt hollow-bridge-like positions. On
the unreconstructed Au�111� surface the S-H bonds are predicted to be cleaved due to entropic effects. In the
ground-state configuration the two sulfur atoms of the butanedithiol radical adopt an fcc hollow and an fcc
hollow-bridge position on the surface. Hence, we expect butanedithiol radicals to be the prevailing adsorbed
species on both investigated gold surfaces. STM-images of the ground-state configuration of butanedithiol
radicals chemisorbed on Au�111� have been simulated within the Tersoff-Hamann model. They show elongated

bright features above the location of the alkane chain. The long axis is slightly tilted with respect to the �11̄0�
directions. Finally, a semiempirical approach has been evaluated to investigate the effect of van der Waals
interactions to the binding energies calculated within GGA-DFT.
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I. INTRODUCTION

The pursuit of miniaturization in fields such as microelec-
tronics and biosensor technology has lead to an increased
interest in functionalized metal or semiconductor surfaces.1

The synthesis of organic molecular assemblies at the surface
is a widely utilized method to achieve such a
functionalization.1,2 Organic molecules offer the prospect of
tailor-made functionalizations by choosing specific end
groups of the adsorbates.2 Prominent examples include the
fabrication of switchable molecular assemblies on the
surface.3–11

Among the most widely studied systems are self-
assembled monolayers �SAMs� of sulfur bonded thiol mol-
ecules at Au surfaces. In particular, SAMs of alkanedithiols
in which one of the thiol groups is adsorbed on the surface
while the other is pointing away from the surface, are con-
sidered promising building blocks of future nanodevices.12–15

The thiol group at the top of the alkane chain offers the
possibility to serve, e.g., as an anchor for cadmium-selenide
nanocrystals in single electron transistors �Ref. 12�, metal
contacts in molecular dithiol junctions �Refs. 13, 14, and
16–20�, metal and metal-oxide clusters �Ref. 21–28�, as well
as metallic thin films �Refs. 29 and 30�. From a fundamental
point of view, alkanedithiols are regarded as an important
model system for organic sulfur bonded molecules.2,15

In recent years intense experimental research effort is de-
voted to the adsorption of different dithiol molecules on the
Au�111� surface under ultra high vacuum �UHV�, ambient as
well as electrochemical �EC� conditions.19,31–41 However, the
details of metastable adsorption phases and equilibrium
structures remains controversial. The existence of two thiol
groups within the molecule raises the question whether

dithiol molecules bind via one �upright configuration� or two
�lying-down configuration� Au-S bonds to the surface. In
case of the most common deposition methods either from the
gas phase or from solution both upright �Refs. 19, 32, 36, 37,
and 42� and lying-down configurations �Refs. 19, 32–37, and
43� were observed. It was reported that dithiol molecules can
polymerize upon adsorption on the surface forming multilay-
ers of molecules connected through S-S bonds.38–41,44,45 Fur-
thermore, butanedithiol adsorbates have been observed in
video scanning tunneling microscopy experiments at low and
saturation coverages under EC conditions on the unrecon-
structed Au�111� surface.46

The adsorption configurations of upright and lying-down
alkanedithiol molecules at Au surfaces thus call for detailed
density-functional studies. The focus of our present work is
to compare the adsorption of 1,4-butanedithiol molecules
�BDT: HS-�CH2�4-SH� and BDT radicals �BDTR:
·S-�CH2�4-S·� at submonolayer coverages on the unrecon-
structed Au�111� and Au�100� surfaces. Polymerization of
BDT molecules or radicals is beyond the scope of the present
work. Adsorption properties on unreconstructed Au surfaces
are relevant in case of EC conditions, where a potential-
induced lifting of the Au�111� and Au�100� surface recon-
structions can be achieved.47,48

The BDT and BDTR adsorption configurations on
Au�111� and Au�100� surfaces reported below currently
serve as a starting point for the investigation of the BDT and
BDTR diffusion dynamics. In our view, this knowledge is
indispensable to a deeper understanding of self assembly at
Au surfaces and the diffusion of molecular adsorbates with
one or two sulfur bonds to the Au surface.49–63

The present paper is organized in the following manner.
Section II summarizes the calculational details of our work.
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In Secs. III A 1 and III A 2 we present adsorption configura-
tions of the BDT molecule and radical on the unrecon-
structed Au�111� surface. Adsorption of BDT molecules and
radicals on the Au�100� surface is discussed in Secs. III B 1
and III B 2. In order to assess the importance of surface de-
fects, we consider the adsorption of BDT radicals in the pres-
ence of adatoms and vacancies on the Au�111� surface in
Sec. III A 3 and on the Au�100� surface in Sec. III B 3. Sec-
tions III A 4 and III B 3 are devoted to the question whether
BDT adsorbs as molecules or radicals on the Au�111� and
Au�100� surface. Simulated scanning tunneling microscopy
�STM� images are reported in Sec. III A 5.

II. CALCULATIONAL METHOD

Relaxed adsorption configurations for BDT and BDTR on
the unreconstructed Au�111� and Au�100� surfaces have been
calculated within density-functional theory using slab geom-
etries. First we choose a set of initial configurations, which
are relaxed to local chemisorption energy minima. The initial
configurations differ by the positions of the two sulfur atoms
with respect to the underlying substrate and the conformation
of the adsorbed BDT molecule or radical. To reduce compu-
tational costs, the convergence criteria have been alleviated
for this survey. We select the lowest-energy structures from
this survey and recalculate the total energies for frozen-in
atomic coordinates at increased values for plane-wave cutoff
energy, number of k points, and number of bulklike Au lay-
ers in the slab. We have verified that the ordering with re-
spect to chemisorption energy is not affected �see Appendix
C�.

The total energy of the electronic ground state has been
calculated using the Vienna ab initio simulation program
�VASP� �Refs. 64–67� developed at the Institut für Material-
physik of the Universität Wien which is based on density-
functional theory. The generalized gradient approximation
�GGA� by Perdew and Wang �PW91� �Ref. 68� is applied to
the exchange-correlation functional and the electron-ion in-
teraction is treated within the framework of Blöchl’s projec-
tor augmented wave method �PAW�.69,70 The potentials for
VASP from the database are used.70

The periodically repeated gold slabs are separated by a
vacuum region of at least 12 Å. Asymmetric slabs have been
chosen, i.e., the adsorbate binds to a single side of the slab
only. A dipole correction is applied in order to account for
the work function difference between the opposite surfaces
of the slab.

The initial survey has been carried through with slabs
comprising 4 layers of gold and a �4�3� or �4�4� surface
unit cell. The Kohn-Sham wave functions are expanded in a
plane-wave basis set with a cutoff energy of 250 eV. Plane
waves up to an energy of 750 eV are used to represent the
augmentation charges. The integrals over the Brillouin zone
are approximated by sums over special k points �Ref. 71�
using meshes consisting of 12 and 9 k points in the com-
plete first Brillouin zone of the �4�3� and �4�4� surface
unit cell, respectively. The k-point meshes are equivalent.

The gold atoms in the outermost three layers on the ad-
sorbate side of the slab as well as all adsorbate atoms are

relaxed without constraints until the residual force per atom
is smaller than 0.005 eV /Å. The remaining layers of the
slab are kept fixed at their ideal bulk positions. All slabs have
been set up using a theoretical lattice constant of 4.18 Å.
The slight overestimate compared to the experimental value
of 4.08 Å is consistent with other density-functional calcu-
lations, e. g., for noble metals using GGA functionals.72,73

The final absolute chemisorption energies of BDT or
BDTR configurations on Au�111� are calculated for a slab
geometry comprising 9 layers of gold and a �4�3�, �4�4�,
�4�6�, �6�3�, or �6�6� surface unit cell. The k-point
meshes in the complete first Brillouin zone comprise 48, 36,
24, 32, and 16 special k points, respectively.71 In case of
BDT or BDTR on Au�100�, the slab comprises 12 atomic
layers and a �4�3�, �4�4�, or �6�6� surface unit cell. The
k-point meshes in the complete first Brillouin zone comprise
48, 36, and 16 special k points, respectively. In both cases,
the Kohn-Sham wave functions are expanded in a plane-
wave basis set with a cutoff energy of 340 eV, and 1000 eV
cutoff for the augmentation charge.

The convergence with respect to cutoff energy, k-point
sampling, number of relaxed substrate layers and total num-
ber of substrate layers has been subject to systematic conver-
gence tests as reported in Appendix C. In summary, the over-
all error of the reported absolute values of the binding
energies with respect to these convergence parameters
amounts to approximately 0.1 eV. The total-energy differ-
ences between chemisorption configurations are less suscep-
tible to the choice of these parameters. The error induced by
the use of the approximate PW91 exchange-correlation en-
ergy functional is not included in this estimate. The coverage
dependence of the BDT or BDTR chemisorption energies
�corresponding to different sizes of the surface unit cell� de-
pends on surface orientation and will be detailed in Appendix
B.

The program P4VASP �Ref. 74� has been used to visualize
all atomic configurations and STM-images calculated within
the Tersoff-Hamann approach.75

Finally, we have applied semi-empirical dispersion cor-
rections in order to investigate the effect of van der Waals
�vdW� corrections to the binding energies calculated within
PW91-DFT.76–78 Exchange-correlation functionals account-
ing for dispersion-interactions79 are beyond the scope of the
present paper. The semiempirical vdW correction is cut off at
short range using a Fermi-function while the long range vdW
interaction of atoms i and j is described by s6C6,ij /Rij

6 .77 In
the literature s6 has been chosen differently for different
exchange-correlation functionals.77 Here we have taken s6
=0.75, which is the value suggested by Grimme77 in case of
the closely related PBE exchange-correlation functional. The
C6 parameters are calculated from experimental atomic po-
larizabilities and ionization energies108 by means of the Lon-
don formula.78,80 Experimental vdW-radii109 are used to de-
fine a scale for the interatomic distances that enter the Fermi
cutoff function.81,82

How to obtain an appropriate choice of above constants
for the vdW interaction is certainly an issue, apart from the
question how well the approach is suitable for metal sur-
faces. Recently Tkatchenko et al. proposed a method of de-
riving C6 coefficients and vdW radii for atoms in molecules,
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which results in smaller values for the C6 coefficients and
larger vdW radii.76 To obtain a rough impression of the effect
associated with such a variation of the parameters that con-
trol the vdW interaction, we artificially decreased the C6 co-
efficients by approximately 20% and concomitantly in-
creased the vdW radii between 20% and 50%. The variation
of the vdW correction with respect to these parameter
changes will be discussed in the main part of this work. To
test the consistency of our vdW parameters we have applied
them to the case of benzene adsorbed on Au�111�. We found
the adsorption energies for our original parameter set, and
the scaled parameter set described above, to vary over about
the same range of adsorption energies as the data presented
by McNellis et al..83

III. RESULTS AND DISCUSSION

A. Adsorption on Au(111)

The search for the ground-state adsorption configurations
of BDT molecules and radicals is an important and indis-
pensable prerequisite for any investigation concerning the
growth properties of the adsorbed species. Beyond that, a
detailed knowledge of competing configurations which are
within a few kbT of the ground state is almost equally im-
portant to facilitate a thorough study of diffusion.

In order to assess whether adsorbed BDT binds to the
Au�111� surface as molecules or dissociates into BDTR and
H2, the chemisorption energy and ground-state configuration
of both BDT and BDTR need to be calculated. Hence, in the
following sections we discuss the submonolayer adsorption
of BDT molecules and radicals on the defect-free, unrecon-
structed Au�111� surface. As previous DFT-studies of mono-
thiol adsorption have revealed the importance of surface de-
fects �Refs. 84–86�, we present calculations for adsorbed
BDT radicals in the presence of Au adatoms or surface va-
cancies.

1. Adsorption of BDT molecules on defect-free Au(111)

Local total-energy minima and the corresponding binding
energies have been calculated for BDT adsorbed on the un-
reconstructed, but relaxed, Au�111� surface. A set of five ini-
tial configurations has been relaxed to local energy minima.
The initial configurations differ by the number of S-Au
bonds, which can be either one or two in case of BDT lying
parallel to the surface, and the choice of the Au surface at-
oms to which the S atoms bind on top. Bonding to Au�111�
hollow sites is expected to be of minor importance. A DFT-
study conducted by Maksymovich et al. has shown that the
HS-Au bond strength of methanethiol molecules HSCH3 at
Au�111� hollow sites is at least 0.24 eV less favorable com-
pared to bonding atop Au surface atoms.87

The strength of the molecule-surface bond has been cal-
culated as the difference between the total energy of the
adsorbate-substrate system and the sum of the total energies
of the unreconstructed Au�111� surface and BDT in the gas
phase,

Eb = Etotal�BDT/Au�111�� − Etotal�Au�111�� − Etotal�BDT� .

�1�

In the energetically most favorable adsorption geometry for
one molecule per �4�3� surface unit cell, the BDT adopts a

lying-down configuration in which the alkane chain is
slightly bent and the C-C-C planes of the molecule are ori-
ented approximately parallel to the surface, see Figs. 1�a�
and 1�b�. Both sulfur atoms are close to Au on-top positions.
The molecule-surface DFT-PW91 binding energy is calcu-
lated to be Eb=−0.45 eV. The zero-point energy correction
is not included. Relaxed structural parameters of BDT are
summarized in Table I.

Energetically slightly less favorable configurations with
the alkane chain oriented parallel to the surface are shown in
Figs. 1�c� and 1�d� for comparison. The energy difference
with respect to the structure with the lowest calculated en-
ergy amounts to only 0.05 and 0.07 eV, respectively.

The semiempirical vdW correction to the binding energy
at a coverage of one BDT per �4�3� surface unit cell
amounts to −1.43, −1.36, and −1.33 eV for the configura-
tions depicted in Figs. 1�a�, 1�c�, and 1�d�, respectively. Us-
ing the artificially scaled vdW-radii together with the smaller
C6 coefficients, we obtain vdW corrections of −0.71 eV al-
most equal for all three configurations. If the intermolecular
contribution to the vdW interaction is omitted from the sum-
mation, above semiempirical vdW correction to the binding
energy amounts to −1.07, −1.03, and −1.09 eV in case of the
original vdW parameters. These data indicate the range of
values obtained for the vdW interaction when the empirical
approach is applied. Most importantly, we note that the
ground-state configuration does not change when the vdW
energy is added to the DFT total energy.

We point out that, based on comparison to experiment, we
distrust the absolute value of the vdW correction to the bind-
ing energy. Lavrich et al. conducted TDS experiments for
adsorbed alkanethiols and alkanedithiols with varying alkane
chain lengths on the Au�111� surface.88 They observe two
peaks in the TDS spectrum for BDT. The peak at lower de-
sorption temperature is attributed to physisorbed BDT mol-
ecules, with a desorption energy barrier of 0.85 eV. Neglect-
ing the small zero-point corrections, our estimated binding
energy including semiempirical vdW corrections of −1.9 eV

a b

c d

e

FIG. 1. �Color online� Top view �a� and side view �b� of the
BDT ground-state configuration with the lowest calculated energy
per �4�3� surface unit cell on the unreconstructed Au�111� surface
�DFT-PW91 binding energy Eb=−0.45 eV�. Competing stable con-
figurations are shown for comparison: �c� Eb=−0.40 eV, �d�
Eb=−0.38 eV, and �e� Eb=−0.35 eV. The surface unit cell is indi-
cated by white lines.
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�−1.2 eV in case of the artificially scaled vdW parameters� is
substantially larger than above experimental desorption en-
ergy barrier. Apparently, the semiempirical equation overes-
timates the vdW correction in case of BDT/Au. Furthermore,
Lavrich et al. estimated the contribution to the binding en-
ergy per CH2-group of the alkane chain to yield approxi-
mately −64 meV.88 We arrive at a vdW contribution to the
binding energy of −0.2 eV �about −0.1 eV in case of the
artificially scaled vdW parameters� per CH2 group of the
BDT molecule, which is considerably larger than the experi-
mental estimate. Again, the vdW correction appears to be
overestimated by the present semiempirical approach. The
issue of the contribution from the vdW interaction to the
binding energy is still an open question for molecules with
alkane chains on metal surfaces. For clarity we will hence-
forth quote the unaltered DFT-PW91 binding energies in this
paper.

Besides lying-down configurations an upright configura-
tion has been calculated in which the alkane chain and one of
the HS groups are pointing away from the surface �see Fig.
1�e��. In this configuration only one S atom is located atop a
Au surface atom forming an HS-Au bond with a binding
energy of Eb=−0.35 eV. The tilt angle of the S-S axis with
respect to the surface normal amounts to 56°. A rotation of
the molecule around the surface normal through the S-Au
bond has not been calculated because we expect the variation
of the total energy with azimuthal angle to be insignificant.
This we conclude from the work by Maksymovich et al. who
considered the rotation of HSCH3 molecules that bind to
Au�111� in an atop configuration and who found an energy
variation with azimuthal angle on the order of only 5 meV.87

We will refer to the configuration shown in Fig. 1�e� as on-
top upright.

We are not aware of other theoretical studies of adsorbed
BDT molecules on Au�111� that we could directly compare
to. There are, however, DFT calculations for the adsorption
of methanethiol molecules HSCH3 on Au�111�.87 The authors
of Ref. 87 report an adsorption geometry for the HSCH3
molecule that is similar to the on-top upright configuration of
the BDT molecule with respect to the positions of the corre-
sponding H, S, and C atoms. For the energetically most fa-
vorable structure, the calculated binding energy per HSCH3
molecule is reported to be −0.37 eV and the S-Au bond

length is reported to be 2.668 Å.87 Within the accuracy of
our calculations, both quantities agree with the respective
values for the on top-upright configuration �see Table I�.
Lavrich et al. estimate the universal contribution of the SH
group to the binding enthalpy for alkanethiols with varying
lengths to be −0.35 eV from TDS experiments.88 Neglecting
zero-point corrections and omitting the semi-empirical vdW
contributions to the HS-Au bond, this value is consistent
with the calculated HS-Au bond strength from Ref. 87 and
our bond strength for BDT in the on-top upright configura-
tion.

2. Adsorption of BDT radicals on defect-free Au(111)

We calculate the adsorption of BDTR on the Au�111� sur-
face in the absence of surface defects. The search for the
ground-state configuration is complicated by intramolecular
conformational degrees of freedom and the availability of
two S-Au bonding sites which can result in many stable con-
figurations being close-by in energy. Therefore, as many as
20 initial configurations have been relaxed to local total-
energy minima. Since it is well established within DFT that
the sulfur atoms of alkanethiol-radicals bind to the defect-
free, unreconstructed Au�111� surface in the vicinity of
Au�111� hollow sites �Refs. 60, 61, and 89–100�, the initial
configurations have been chosen such that both sulfur atoms
are located either close to fcc-or hcp-hollow sites. This ap-
proach is supported by the fact that a configuration with both
S atoms at Au�111� on-top sites proved to be unstable. For
the majority of configurations the C atoms of the alkane
chain are approximately located in a plane parallel to the
Au�111� surface. This corresponds to the energetically most
favorable conformation of free BDTR. In addition, three ini-
tial configurations with other conformations of BDTR have
been chosen. Throughout this section the spin-polarized
ground state of BDTR in vacuum is chosen as the energy
reference Etotal

spin�BDTR� �see Eq. �1��.
Finally, a configuration with an inclined alkane chain and

with only a single S-Au bond was calculated. The S atom is
located at an fcc-bridge position. After relaxation, the bind-
ing energy amounts to −1.9 eV. This is consistent with the
binding energy for adsorbed SCH3 radicals on the unrecon-
structed Au�111� surface.61

TABLE I. Structural parameters and binding energies for BDT configurations on the unreconstructed
Au�111� surface as depicted in Fig. 1. Eb is the DFT-PW91 binding energy per molecule defined in Eq. �1�,
dS-S is the distance between the S atoms, dS-Au are the S-Au bond lengths, and dAu-Au is the distance between
the Au atoms to which the BDT binds. The value in parenthesis is the equilibrium distance between the
respective Au atoms on the surface.

Configuration Cell size
Eb

�eV�
dS-S

�Å�
dS-Au

�Å�
dAu-Au

�Å�

a �4�4� −0.50 6.67 2.75, 2.75 5.91 �5.91�
a �4�3� −0.45 6.68 2.78, 2.79 5.92 �5.91�
c �4�3� −0.40 5.48 2.76, 2.80 5.08 �5.12�
d �4�3� −0.38 6.87 3.00, 2.93 7.74 �7.81�
e �4�3� −0.35 6.95 2.67

BDT �gas� 6.89
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For a coverage of one BDTR per �4�3� and �4�4� sur-
face unit cell the adsorption geometry in Fig. 2�a� yields the
lowest total energy. The binding energy is Eb=−3.26 eV and
Eb=−3.45 eV in case of the �4�3� and �4�4� surface unit
cell, respectively. Evidently, the bond strength between
BDTR and the Au�111� surface increases substantially as the
coverage is decreased. We were not able to obtain the bind-
ing energy of an individual adsorbed BDTR even in case of
a large �6�6� surface unit cell. This coverage dependence is
attributed to strong substrate-mediated, adsorbate-adsorbate
interactions, which we conclude from the data presented in
Appendix B.

In the ground-state configuration both sulfur atoms bind
to the substrate in the vicinity of fcc-hollow sites of Au�111�.
One of the S atoms is shifted by 0.57 Å toward a nearby
bridge site, thus adopting a fcc-bridge position. The corre-
sponding S-C bond is tilted with respect to the surface nor-
mal by 50°. The other sulfur atom binds at an fcc-site expe-
riencing only a small shift of 0.06 Å toward a bridge site
and a tilt of 13° of the S-C bond. Both S atoms adopt posi-
tions with respect to the substrate which resemble S-atom
positions and S-C tilt angles of low adsorption-energy con-
figurations of the SCH3 radical on the Au�111� surface.61

In order to gain a deeper insight in to the nature of the
BDTR-Au bond, we resort to the charge density difference
���r�=�BDTR/Au�111��r�−�BDTR�r�−�Au�111��r�. A distinct
charge accumulation in the region between the S atoms and
neighboring Au atoms is revealed which is indicative of the
covalent S-Au bond formed upon adsorption. The partially
filled HOMO orbitals of free BDTR are located at the S
atoms and have a dominant 3p character. These p orbitals are
oriented nearly perpendicular to the S-C bond, which favors
tilted S-C bond orientations. From this we conclude, that the
adsorbate-surface bond primarily originates from a hybrid-
ization of sulfur 3p states and substrate Au states.

The calculations reveal that the potential energy surface
involves many local minima within a range of only a few
100 meV. This multivalley potential-energy landscape origi-
nates from the interplay between two S-Au adsorbate-surface
bonds and the internal conformational degrees of freedom of
BDTR. It differs fundamentally from the comparatively
simple potential energy surface of a single SCH3 radical
which only form one S-Au bond with the Au�111� surface.
An excerpt of competing stable configurations is depicted in
Figs. 2�b�–2�h� and corresponding structural information is
summarized in Table II. Among the calculated configura-
tions, �a�–�f� represent the lowest-energy configurations. In-
terestingly, while �g� and �h� appear to have similar geom-
etries as low-energy configurations, the absolute value of the
binding energy is at least 0.18 eV smaller than for the
ground-state configuration �a�. A general characteristic of all

calculated stable configurations is that both sulfur atoms bind
to the substrate close to hollow or hollow-bridge sites.

Since it is a difficult task to locate the global minimum on
a complicated potential energy surface, we provide an esti-
mate for a lower bound of the global BDTR/Au�111� chemi-
sorption energy in Appendix A. Altogether, we are confident
that the configuration in Fig. 2�a� constitutes the ground state
for submonolayer coverages of BDTR on the unrecon-
structed Au�111� surface. At worst, we expect it to be within
a few kBT of the global minimum at room temperature.

The semiempirical vdW correction is calculated in order
to asses its impact on the conclusions drawn from relative
binding energies of BDT molecules and radicals in Sec.
III A 4. For the binding energy of the ground-state geometry
in Fig. 2�a� it amounts to −1.33 and −1.37 eV in case of the
�4�3� and �4�4� surface unit cell, respectively. Decreasing
the C6 coefficients and increasing the vdW radii as described
in Sec. II yields a vdW correction of −0.68 and −0.70 eV.
Notably, for both parameter sets the semiempirical vdW cor-
rections for the BDT molecule and the BDT radical differ by
less than 0.1 eV. Thus, the results presented in Sec. III A 4
based on binding energy differences between BDT molecules
and BDT radicals are unaffected by the semiempirical vdW
correction employed here. The same conclusions can be
drawn in case of the Au�100� surface considered in Sec.
III B. In order to quantify the effect of changes in bond dis-
tances due to vdW interactions on the STM-images, addi-
tional relaxations have been carried through. The ground-
state configurations for BDT and BDTR on the Au�111�
surface have been relaxed until the residual force per atom
including the semiempirical vdW correction was smaller

a b c d

e f g h

FIG. 2. �Color online� Top view of BDTR on
the unreconstructed Au�111� surface. �a� Ground-
state configuration with the lowest calculated
binding energy �Eb=−3.26 eV� for the �4�3�
and �4�4� surface unit cell. �b�–�h� Competing
stable configurations with smaller absolute values
of the binding energies, see Table II. The surface
unit cell is indicated by white lines.

TABLE II. Structural parameters and binding energies for an
excerpt of calculated configurations of BDTR on the unrecon-
structed Au�111� surface as depicted in Fig. 2. Eb is the DFT-PW91
binding energy per radical as defined in Eq. �1� and dS-S refers to
the distance between the S atoms. The approximate bonding sites of
both S atoms are described in the last column.

Configuration Cell size
Eb

�eV�
dS-S

�Å� S-atom sites

a �4�3� −3.26 4.85 fcc-bridge, fcc

b �4�3� −3.25 5.48 fcc-, hcp-bridge

c �4�3� −3.24 5.44 fcc-, hcp-bridge

d �4�3� −3.23 4.81 fcc, fcc-bridge

e �4�3� −3.21 4.10 fcc, hcp-bridge

f �4�3� −3.19 5.41 fcc, fcc-bridge

g �4�3� −3.08 4.58 hcp, fcc

h �4�3� −3.05 5.28 fcc-, fcc-bridge
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than 0.01 eV /Å. We observe no significant change of the
calculated STM images.

3. Adsorption of BDT radicals in the presence
of surface defects on Au(111)

In case of the adsorption of SCH3 radicals on the unre-
constructed Au�111� surface, geometries involving Au ada-
toms are found to be energetically favored compared to ge-
ometries without adatoms.61,100–102 Furthermore, it has been
reported that adsorption of HSCH3 molecules at surface va-
cancies leads to a cleavage of the H-S bond and the forma-
tion of adsorbed alkanethiol radicals.84–86 This has motivated
us to investigate similar configurations in case of BDTR.

To assess the role of surface defects for the adsorption of
BDTR, we calculate adsorption geometries involving one Au
adatom and one or two surface vacancies per surface unit
cell. The number of defects will be denoted by n. The bind-
ing energy per BDTR relative to the defect covered surface
and a free radical is defined as

Eb1 = Etotal�BDTR/n · defect/Au�111��

− Etotal�n · defect/Au�111�� − Etotal
spin�BDTR� . �2�

To account for defect formation, we calculate the energy of n
defects at the surface,

Edefect = Etotal�n · defect/Au�111�� − Etotal�Au�111��

− n · Etotal
bulk�Au� . �3�

The Au chemical potential equals the energy per bulk atom
Etotal

bulk�Au�. Hence the binding energy per BDTR as compared
to the defect-free unreconstructed Au�111� surface is

Eb2 = Eb1 + Edefect. �4�

Eb2 includes the energy expense necessary for defect forma-
tion and can be compared to the binding energies of BDTR
presented in the previous subsection.

a. Adatoms. We consider a configuration in which a Au
adatom is initially bound to the unreconstructed Au�111� sur-
face at a fcc-site. A BDTR is added such that both S atoms
form a bond with both the adatom and the surface. Adsorp-
tion geometries in which only one S atom binds to the ada-
tom are energetically less favorable. Two stable configura-
tions were calculated with the Au adatom either above a
fcc-hollow or a bridge site of the Au�111� surface. The ener-
getically most favorable configuration with the adatom above
the fcc-hollow site is depicted in Fig. 3�a�. The DFT-PW91
binding energy for one BDTR per �4�3� surface unit cell
amounts to Eb1=−3.85 eV with respect to the adatom cov-
ered surface and Eb2=−3.21 eV with respect to the defect-
free surface. Decreasing the coverage to one radical per
�4�4� surface unit cell results in a slight increase of the
bond strength to Eb1=−3.87 eV and Eb2=−3.26 eV. The en-
ergetical preference for adsorption at the defect-free surface
amounts to 0.05 and 0.19 eV in case of the �4�3� and
�4�4� surface unit cell, respectively. Hence, Au adatoms are
of minor importance for submonolayer chemisorption of
BDTR on the unreconstructed Au�111� surface.

b. Vacancies. The position of Au atoms which have been

removed from the surface in order to create one or two va-
cancies are labeled 1–4 in Fig. 3�b�. The depicted initial
configuration of BDTR prior to relaxation corresponds to its
ground-state configuration.

Among the considered geometries with only one vacancy,
the energetically most favorable vacancy position is posi-
tion 1. The DFT-PW91 binding energy as calculated in a
�4�3� surface unit cell amounts to Eb1=−3.81 eV and Eb2
=−3.23 eV. In case of the �4�4� surface unit cell, the bind-
ing energies are Eb1=−3.88 eV and Eb2=−3.29 eV.

BDTR configurations involving two vacancies have been
calculated in a �4�4� surface unit cell in order to avoid that
any two vacancies are located at nearest neighbor sites. The
considered surface vacancy positions are �2,3� and �1,4�. The
largest absolute value of the binding energy per BDTR is
obtained for vacancies at positions �1,4� as depicted in Fig.
3�c�, with Eb1=−4.35 eV and Eb2=−3.15 eV.

Adsorption configurations involving one or two surface
vacancies per �4�4� surface unit cell are energetically less
favorable compared to adsorption at the defect-free Au�111�
surface by at least 0.16 eV. Therefore, we expect that vacan-
cies are not relevant for the submonolayer chemisorption of
BDTR on the unreconstructed Au�111� surface.

4. S-H bond cleavage

The next section is devoted to the issue of BDT molecule
dissociation via SH-bond cleavage and H2 desorption into
the gas phase. We make use of the DFT-PW91 binding en-
ergies of the optimum adsorption configurations of BDT and
BDTR on the Au�111� surface. Thermodynamic equilibrium
between BDT molecules, radicals, and hydrogen molecules
in the gas phase is assumed. Metastable molecular chemi-
sorption is not considered here.

In equilibrium, the relative abundance p�BDTR� / p�BDT�
of BDT radicals with respect to BDT molecules on the
Au�111� surface is governed by the free energy difference,

a

b c

Auad

1

2
3

4

FIG. 3. �Color online� �a� Adsorption of BDTR at a Au adatom
�red or dark gray� above a fcc-hollow site of the Au�111� surface
�Eb2=−3.21 eV�. Au atoms of the first layer: light gray or light
brown, Au atoms of the second layer: dark gray or dark brown, and
Au atoms of the third layer: gray or brown. �b� Schematic view
of BDTR on the Au�111� surface in the ground-state configuration.
Considered vacancy positions are labeled 1–4. �c� BDTR con-
figuration with two surface vacancies at positions 1 and 4 �Eb2

=−3.15 eV�. The surface unit cells are indicated by white lines.
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�f = �Eb�BDTR� + fvib�BDTR�� − �Eb�BDT� + fvib�BDT��

+ Ediss
vac + ��H2

�T,p� − Etotal�H2�� . �5�

Etotal�H2� is the DFT total energy of an isolated hydrogen
molecule. The dissociation of a free BDT into a BDTR and
an H2 molecule is endothermic by

Ediss
vac = Etotal�BDTR� + Etotal�H2� − Etotal�BDT� . �6�

fvib denotes the contribution per molecule to the vibrational
free energy of a BDT molecule or radical adsorbed on the
Au�111� surface. We approximate the difference fvib�BDT�
− fvib�BDTR� by the difference of zero-point energies of the
BDT molecule and the BDT radical.

Vibrational frequencies have been determined using a fi-
nite difference approach as implemented in VASP. Atoms of
the molecule are displaced by 0.025 Å in each direction of
the Cartesian coordinate system. Diagonalization of the re-
sulting approximation for the Hessian matrix yields the vi-
brational frequencies and the corresponding vibrational
eigenmodes. For the H2 molecule we obtain a zero-point
energy of ��H2

/2=0.26 eV. The difference of the zero-point
energies between BDT and BDTR amounts to 0.55 eV.

The energy needed to break both S-H bonds of a free
BDT is calculated to be 7.15 eV and the formation energy of
H2 amounts to −4.28 eV. In both cases zero-point energy-
corrections are included. Thus, the dissociation of the free
BDT molecule into a BDT radical and an H2 molecule is
endothermic by Ediss,zpc

vac =2.87 eV including zero-point ener-
gies.

With the binding energies Eb�BDT�=−0.45 eV and
Eb�BDTR�=−3.26 eV for a coverage of one BDT or BDTR
per �4�3� surface unit cell, the free energy difference
amounts to

�f = 0.06 eV + 	�H2
�T,p� − Etotal�H2� −

1

2
��H2


 . �7�

If the hydrogen reservoir is treated as an ideal gas, the
chemical potential expression takes the form

�H2
�T,p� − Etotal�H2� −

1

2
��H2

= �̃H2
�T,p0� + kBT ln�p/p0� .

�8�

p0 is the reference pressure of 0.1 MPa. The temperature
dependence of the chemical potential �̃H2

�T , p0� of hydrogen
in the gas phase is taken from the thermodynamic tables of
the CRC Handbook.80 A similar logarithmic dependence is
obtained in case of dilute solutions of H2 in an electrolyte. At
room temperature, the thermal energy kBT is only a factor of
two to three smaller than the energy difference 0.06 eV in the
above expression. Hence, the sign of �f will change in favor
of BDTR adsorption on the Au�111� surface at sufficiently
small H2 partial pressure. E.g., at a temperature of T
=300 K, and a hydrogen partial pressure as large as p
=0.1 MPa, adsorption of BDTR is still favorable compared
to adsorbed BDT by approximately 0.26 eV. Thus, our cal-
culations indicate that at submonolayer coverage the S-H
bonds would be cleaved due to entropic reasons.

In addition, the question arises whether BDT molecules
dissociate under UHV conditions, which is difficult to assess
due to the large herringbone reconstruction of the Au�111�
surface. One effect of this reconstruction is a partial relax-
ation of the surface stress by incorporating additional gold
atoms into the surface. This effectively reduces the average

Au-Au distance along the �11̄0� direction within the first
atomic layer by approximately 4%.102,103 We have tried to
simulate this higher density of Au surface atoms within the
first layer by compressing our whole slab with the unrecon-

structed Au�111� surface in the �11̄0� direction by 4%.110 In
case of BDTR, the main effect of the smaller Au-Au distance
is a reduction of the bond strength of both S-Au bonds to-
gether by approximately 0.5 eV. On the other hand, the ab-
solute value of the binding energy of BDT decreases only by
approximately 0.1 eV. At hydrogen partial pressures of less
than 0.1 MPa and T=300 K, adsorption of BDTR on the
compressed Au�111��1�1� model surface is energetically
slightly favored.

5. Simulated STM images

STM-images of adsorbed BDT and BDTR are simulated
within the Tersoff-Hamann model �Ref. 75� for the energeti-
cally most favorable configurations �see Figs. 4�a� and 4�b��.
To this purpose the local density of states �LDOS� is inte-
grated from the Fermi energy �F to �F+eU using different
values for eU ranging from −1.8 to 0.8 eV. In Figs. 4�c� and
4�d� the integrated LDOS is evaluated at a constant height of
�z=7 Å above the Au surface atoms. Constant current to-
pographies at a contour level of �0=1.4�10−5 e /Å3 and
eU=+0.8 eV are depicted in Fig. 4�e� for BDT and in Fig.
4�f� for BDTR.

The calculated constant height and constant-current im-
ages of BDT and BDTR exhibit elongated features with a
major contribution originating from the alkane chain. In case

a b

c d

e f

FIG. 4. �Color online� STM-images simulated within the
Tersoff-Hamann model. The LDOS is integrated from the Fermi
energy �F to �F+0.8 eV. The underlying adsorption geometries of
BDT and BDTR are depicted in �a� and �b�. STM-images of the
molecule in �c� and the radical in �d� are evaluated at a constant
height of �z=7 Å above the Au surface atoms. Simulated constant-
current STM-images of BDT �e� and BDTR �f� at a contour of �0

=1.4�10−5 e /Å3. The �4�3� surface unit cell is indicated by
white lines. Gray scales have been chosen independently in �c�–�f�.
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of BDT, the simulated STM image reflects the nearly sym-
metric conformation of the molecule at the surface. By con-
trast, the STM-images of adsorbed BDTR look asymmetric.
This is a consequence of the two inequivalent S-Au bonds
and a distortion of the alkane chain. Note that at finite tem-
peratures the STM images might appear symmetric due to
thermal averaging. Furthermore, application of Au�111��1
�1� two-dimensional space group transformations will re-
sult in isoenergetic chemisorption configurations.

Leung et al. have deposited 1,6-hexanedithiol molecules
on the Au�111� surface and characterized the resulting ad-
sorption geometries by low energy atom diffraction, grazing
incidence x-ray diffraction, and STM measurements.33 STM
images reveal a striped phase of the adsorbed species mani-
fested by elongated bright features which line up along high
symmetry directions of the Au�111� surface.33 The data is
consistent with configurations in which the adsorbate is lying
flat on the surface with the C-C-C plane approximately par-
allel to the substrate.33 The alkane chain is proposed to point
approximately in the �11̄0� directions.33 The bright features
in the STM-images are suggested to originate from rows of S
atoms of two adjacent molecules in the densely packed
structure.33

A comparison to the calculated STM images appears
rather difficult as we calculate shorter alkanedithiols at lower
coverages. However, our data leads us to speculate that not
only the S atoms but also the alkane chain contributes to the
bright features observed in STM images.

B. Adsorption on Au(100)

In contrast to the close-packed Au�111� surface a more
open surface such as Au�100� can lead to a stronger binding
of adsorbates to surface atoms, e.g., in case of SCH3
adsorption.104,105 This is of particular interest, e.g., for Video-
STM experiments, as stronger adsorbate-surface bonds can
lead to lower diffusion rates which facilitate a direct obser-
vation of single diffusion events. In the following sections
we calculate the ground-state configuration for BDT on the
Au�100� surface and assess whether dissociation into BDTR
and H2 may occur.

1. Adsorption of BDT molecules on defect-free Au(100)

Local total-energy minima and the corresponding binding
energies have been calculated for BDT adsorbed on the un-

reconstructed, but relaxed, Au�100� surface. A set of three
initial configurations has been relaxed to local energy
minima. In the initial configurations the BDT alkane chain is
lying parallel to the surface. The molecule forms two S-Au
bonds, with the S atoms located approximately atop Au sur-
face atoms. Adsorption configurations with only a single
S-Au bond are expected to be energetically unfavorable. This
has been concluded without explicit computation by consid-
ering the binding energy of a single HSCH3 molecule bonded
atop a Au surface atom. In order to asses bonding to hollow
sites, calculations were performed in which a single HSCH3
molecule binds to a Au�100� hollow site. As a matter of fact,
this configuration proved to be unstable. In the relaxed con-
figuration the HSCH3 molecule binds on top to a single Au
surface atom. The on top binding energy Eb amounts to
−0.45 eV.

The energetically most favorable adsorption geometry for
one BDT per �4�4� surface unit cell is shown in Fig. 5�a�.
Here the BDT molecule adopts a lying-down configuration in
which the alkane chain is slightly bent and the C-C-C planes
are oriented approximately parallel to the surface. Both sul-
fur atoms are close to Au on-top positions. The molecule-
surface binding energy is calculated to be Eb=−0.77 eV not
including zero-point energies. Structural parameters are sum-
marized in Table III.

An energetically slightly less favorable configuration is
shown in Fig. 5�b� for comparison. The energy difference
with respect to the structure with the lowest calculated en-
ergy amounts to 0.05 eV in case of the �4�4� surface unit
cell.

a b

FIG. 5. �Color online� �a� BDT configuration with the largest
absolute value of the binding energy per �4�4� surface unit cell of
the unreconstructed Au�100� surface �Eb=−0.77 eV�. �b� Compet-
ing configuration shown for comparison �Eb=−0.72 eV�. The sur-
face unit cell is indicated by white lines.

TABLE III. Structural parameters and binding energies for BDT configurations on the unreconstructed
Au�100� surface as depicted in Fig. 5. Eb is the DFT-PW91 binding energy per molecule defined in Eq. �1�,
dS-S is the distance between the S atoms, dS-Au are the S-Au bond lengths, and dAu-Au is the distance between
the Au atoms to which the BDT binds. The value in parenthesis is the equilibrium distance between the
respective Au atoms. Eb for an inclined configuration is approximated by a HSCH3 molecule adsorbed atop
a Au surface atom.

Configuration Cell size
Eb

�eV�
dS-S

�Å�
dS-Au

�Å�
dAu-Au

�Å�

a �4�4� −0.77 6.77 2.59, 2.59 6.63 �6.61�
b �4�4� −0.72 6.67 2.60, 2.60 5.89 �5.91�
b �4�3� −0.66 6.67 2.61, 2.61 5.89 �5.91�
HSCH3 on top �3�3� −0.45 2.57

BDT �gas� 6.89
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Compared to adsorption on the Au�111� surface, BDT
binds stronger to the Au�100� surface by approximately 0.27
eV for a coverage of one molecule per �4�4� surface unit
cell. The lower binding energy on the Au�100� surface is also
manifested in a shortening of the S-Au bond by approxi-
mately 0.15 Å. A weaker adsorbate-surface bond in case of
denser-packed surfaces like the Au�111� surface is also ob-
served for other adsorbates such as the SCH3 radical �Ref.
104� or the HSCH3 molecule.

2. Adsorption of BDT radicals on defect-free Au(100)

Energy minima for BDTR on the Au�100� surface were
calculated by relaxing ten initial configurations to a local
total-energy minimum. The initial configurations have been
chosen such that both S atoms of the radical are located near
hollow sites of the Au�100� substrate. Configurations in
which either S atom is located atop Au surface atoms have
not been taken into consideration as an initial starting geom-
etry. Calculations for an adsorbed SCH3 radical on the
Au�100� surface reveal that on top positions of the S atom
are unstable. Within this survey the alkane chain of the BDT
radical has been oriented approximately parallel to the sur-
face for all but two considered initial configurations.

Calculations for this survey have been carried through for
a coverage of one BDTR per �4�3� surface unit cell. We
found the adsorption geometries depicted in Figs. 6�a�–6�c�
to have the lowest total energy among all other configura-
tions. The configurations are calculated to be energetically
degenerated to within 10 meV. The corresponding DFT-
PW91 binding energies are Eb=−4.01, −4.02, and −4.01 eV,
for Figs. 6�a�–6�c�, respectively. The bond between BDTR
and the Au surface strengthens as the coverage decreases to
one radical per �4�4� surface unit cell. Thus, the binding
energy decreases to Eb=−4.11, −4.09, and −4.07 eV for the

adsorption configurations depicted in Figs. 6�a�–6�c�, respec-
tively. The small, almost coverage independent energy split-
ting of 10–30 meV between these configurations is not con-
sidered to be significant, see Appendix B.

Both sulfur atoms of the BDTR bind to the Au�100� sur-
face in between hollow and bridge sites �hollow-bridge sepa-
ration equal to 1.48 Å�. The S atoms are shifted from the
hollow site to a nearby bridge site by 0.8 Å in Fig. 6�a�, 1.2
and 0.9 Å in Fig. 6�b�, as well as 1.1 and 0.9 Å in Fig. 6�c�.
As in the case of low-energy adsorption configurations of
single SCH3 radicals �Ref. 105�, both SCH2 groups of BDTR
bind in tilted hollow-bridge like configurations to the
Au�100� surface. The tilt angles with respect to the surface
normal amount to 34° in Fig. 6�a�, 53° and 30° in Fig. 6�b�,
and 53° and 41° in Fig. 6�c�.

An excerpt of competing configurations for one BDTR
per �4�3� surface unit cell of the Au�100� surface is de-
picted in Figs. 6�d�–6�f�. Corresponding structural informa-
tion is summarized in Table IV. Among the calculated con-
figurations, �a�–�f� represent the four lowest-energy
configurations. In all relaxed configurations both sulfur at-
oms bind to the substrate close to hollow- or bridgelike sites.

Our calculations again reveal the appearance of a multi-
valley structure of the potential energy surface. As in the
case of Au�111�, we find local minima which are within a
range of only a few 100 meV. Notably, in case of the
Au�100� surface the interplay between two S-Au bonds of
the radical and the BDTR internal degrees of freedom leads
to three inequivalent configurations, which are very close in
energy and, within the accuracy of the calculation, represent
the ground state. This result plays an important role for the
diffusion characteristics of BDTR on Au�100�.

3. Adsorption of BDT radicals in the presence
of surface defects on Au(100)

a. Adatoms. Two stable adsorption geometries have been
calculated in which both S atoms of BDTR bind to a Au
adatom and atop to Au atoms of the Au�100� surface. The
configurations differ in the position of the adatom with re-
spect to the underlying substrate, which has initially been
chosen as either a bridge or a hollow position. Figure 7�a�
depicts the lower total-energy configuration in which the

a b

c d

e f

FIG. 6. �Color online� �a�–�c� BDTR configurations with the
largest absolute value of the binding energy on the unreconstructed
Au�100� surface. �d�–�f� Lowest energy competing configurations
are shown for comparison. The surface unit cell is indicated by
white lines.

TABLE IV. Structural parameters and binding energies for an
excerpt of calculated configurations of BDTR on the Au�100� sur-
face as depicted in Fig. 6. Eb is the DFT-PW91 binding energy per
radical as defined in the main text, and dS-S refers to the distance
between the S atoms.

Configuration Cell size
Eb

�eV�
dS-S

�Å�

a �4�3� −4.01 5.36

b �4�3� −4.02 5.33

c �4�3� −4.01 5.45

d �4�3� −3.93 3.92

e �4�3� −3.93 5.39

f �4�3� −3.91 5.06
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adatom is located near a bridge site. The DFT-PW91 binding
energy Eb2 with respect to the defect-free and unrecon-
structed Au�100� surface, defined in Eq. �4�, amounts to
Eb2=−3.46 eV for a coverage of one BDTR per �4�3� sur-
face unit cell. Thus, the absolute value of the binding energy
is approximately 0.56 eV smaller compared to the lowest-
energy configurations on the defect-free surface with a bind-
ing energy of −4.02 eV. As a result, Au adatoms are not
relevant for BDTR chemisorption on Au�100�.

b. Vacancies. Adsorption configurations with one or two
surface vacancies have been calculated in a �4�4� surface
unit cell. The considered vacancy positions are labeled 1a,
1b, 2, 3, and 4 in Fig. 7�b�. Initially the atomic coordinates of
the BDT radical correspond to the lowest total-energy con-
figuration on the defect-free Au�100� surface as depicted in
Fig. 6�a�.

For configurations involving a single surface vacancy one
of the Au atoms labeled 1a, 3, or 4 is removed. In case of a
vacancy at position 4, an alternative initial configuration of
BDTR has been chosen in which both S atoms are located at
the vacancy prior to relaxation. The Au atoms labeled �1a,1b�
or �1a,2� have been removed for configurations involving
two vacancies.

Figures 7�c� and 7�d� show the energetically most favor-
able configurations with one or two surface vacancies, re-
spectively. The highest absolute value of the DFT-PW91
binding energy amounts to Eb2=−4.05 eV and occurs in
case of one vacancy at position 4. We obtain Eb2=
−3.97 eV in case of two vacancies at position �1a,2�. In any
case, the absolute value of the binding energy is at least 0.06
eV smaller compared to the lowest-energy configuration on
the defect-free surface with a binding energy of −4.11 eV.

Configurations of BDTR on the unreconstructed Au�100�
surface with vacancies are energetically less favorable com-
pared to configurations without defects by at least two to

three kbT at room temperature. Based on this result, configu-
rations with defects are expected to be of minor importance.

4. S-H bond cleavage

In the previous sections we discussed the chemisorption
energetics of both BDT molecules and radicals on the unre-
constructed Au�100� surface. For a coverage of one BDT per
�4�4� surface unit cell we obtained DFT-PW91 binding en-
ergies for the optimum configurations of −0.77 eV in case of
the molecule and −4.11 eV for the radical. As stated in Sec.
III A 4, the energy needed to cleave both S-H bonds of BDT
and subsequently form H2 amounts to −2.87 eV including
zero-point energy corrections. Thus, the relative abundance
p�BDTR� / p�BDT� of BDT radicals with respect to BDT
molecules on the unreconstructed Au�100� surface is gov-
erned by the free energy difference,

�f = − 0.47 eV + 	�H2
�T,p� − Etotal�H2� −

1

2
��H2


 . �9�

Evidently, a cleavage of both S-H bonds and subsequent H2
formation is already energetically favored at a temperature of
0 K by approximately 0.47 eV in case of BDT adsorbed on
Au�100�. This distinct tendency toward dissociation into
BDTR and H2 is further assisted by entropy effects as de-
scribed in Sec. III A 4.

IV. SUMMARY

Synthesis of organic molecular assemblies at surfaces and
surface functionalization can be achieved by binding organic
molecules to metal surfaces via thiol groups.2 Here we
present DFT calculations for the submonolayer adsorption of
BDT molecules �BDT: HS-�CH2�4-SH� and BDT radicals
�BDTR: ·S-�CH2�4-S·� on the �111� and �100� surfaces of
gold. Dithiols on Au surfaces are an intensely studied model
system for sulfur bonded organic molecules with promising
perspectives in molecular electronics.12–14,33 We adsorb the
molecules on the unreconstructed Au�111� and Au�100� sur-
faces, which can be stabilized in an electrochemical
environment.47,48

BDTR adsorption on Au surfaces differs fundamentally
from the adsorption of mono-thiols with only a single S-Au
bond. The presence of two S-Au molecule-surface bonds—
together with the internal conformation degrees of freedom
of the molecule—results in a complicated multivalley
potential-energy surface. Identification of the adsorbed
species—BDT or BDTR—and their lowest-energy adsorp-
tion configurations is an indispensable prerequisite for the
study of diffusion and growth of BDT molecular films. Our
results suggest a much more versatile phenomenology for
adsorption and diffusion than described previously in case of
the monothiols.61

While DFT total-energy differences come out 0.06 eV in
favor of chemisorbed BDT molecules at a coverage of one
molecule per �4�3� Au�111� surface unit cell, inclusion of
entropic effects results in S-H bond cleavage. Thus, in equi-
librium, BDT radicals are expected to be the dominant spe-
cies on the unreconstructed Au�111� surface. On Au�100�

a b

c d

1a

1b

2

3

4Auad

FIG. 7. �Color online� �a� Configuration involving one Au ada-
tom �dark gray or red, Eb2=−3.46 eV�. Au atoms of the first and
third layer: light gray or light brown, Au atoms of the second layer:
dark gray or dark brown. �b� Schematic representation of the
lowest-energy BDTR configuration on the Au�100� surface. Consid-
ered defect positions are labeled 1a, 1b, 2, 3, and 4. �c� Configura-
tion involving one surface vacancy at position 4 �Eb2=−4.05 eV�.
�d� Configuration involving two surface vacancies at position �1a,
2� �Eb2=−3.97 eV�. The surface unit cell is indicated by white
lines.
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BDT radicals are found to be the energetically preferred spe-
cies.

Both for Au�111� and Au�100� the BDT radicals adopt a
lying-down configuration in which both sulfur atoms bond to
Au surface atoms in hollow or bridgelike positions. Irrespec-
tive of the chosen surface orientation, Au�111� or Au�100�,
local energy minima are found to exist within a few 100
meV of the ground-state configuration. In case of Au�100�
we found lowest-energy adsorption configurations, which
come out energetically degenerate within the accuracy of the
calculation. At a coverage of one radical per �4�4� and �6
�6� surface unit cell the energy difference amounts to less
than 0.03 eV.

As opposed to the adsorption of alkanethiols on Au�111�,
which has been observed experimentally101 as well as
theoretically61,100,102 to become energetically more favorable
in the presence of Au adatoms, we found no such energetical
preference in case of BDT radicals on Au�111� or Au�100�,
neither for Au adatoms nor for Au surface vacancies.

Semiempirical vdW corrections to the binding energy
have been evaluated. In case of the structures considered in
this work, the ground-state configuration remained unaltered.
In view of the absolute value of the vdW correction in com-
parison to experiment, however, a more sophisticated ap-
proach to vdW interactions appears to be required. Hence,
plain DFT-PW91 binding energies have been quoted in this
paper.

Constant current and constant height STM-images have
been derived within the Tersoff-Hamann model �Ref. 75� for
BDT molecules and radicals on the unreconstructed Au�111�
surface. They exhibit elongated features at the position of the
alkane chain, with the long axis approximately parallel to the
chain. The long axis is slightly tilted with respect to the

�11̄0� directions.
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APPENDIX A: ESTIMATED LOWER BOUND ON
THE BDTR/AU(111) CHEMISORPTION ENERGY

In case of a complex potential energy landscape with mul-
tiple local minima it is a notoriously difficult problem to
locate the global energy minimum. Our initial configurations,
which we have relaxed into local potential energy minima,
have been chosen by chemical intuition. Here we will try to
provide an estimate for a lower bound of the binding energy
per BDTR. The main contributions to the binding energy
arise from the S-Au bonds, the conformational change of
BDTR, the interaction of the alkane chain with the substrate,
and substrate relaxation. At finite coverage, there are direct

as well as substrate-mediated adsorbate-adsorbate interac-
tions.

The energy needed to change the conformation of BDTR
decreases the absolute value of the binding energy. A rather
conservative approach is to omit this contribution to the
binding energy. Typical energies associated with conforma-
tional changes are calculated to be order of 0.01–0.1 eV. We
neglect the interaction of the alkane chain with the substrate.
To obtain an approximate lower bound of the S-Au interac-
tion, including the substrate relaxation and substrate-
mediated adsorbate-adsorbate interactions, we have per-
formed calculations for a �4�3� and �4�4� surface unit cell
with two SCH3 radicals adsorbed at the Au�111� surface. The
initial position of the S atoms and the orientation of the S-C
bonds have been adopted from the corresponding atoms of
the BDTR ground-state configuration. Subsequently, a struc-
tural relaxation of both SCH3 radicals and the substrate at-
oms was carried through. As a result, we obtain a binding
energy per �4�3� and �4�4� surface unit cell for both
SCH3 radicals together of −3.47 and −3.57 eV, respectively.
We take these values as a rough lower bound to the binding
energy per BDTR for the respective surface unit cells. Nota-
bly, the calculated BDTR binding energies are only 0.2 and
0.1 eV above this bound. Due to the geometrical constraints
in case of BDTR adsorption as opposed to the relaxation of
two SCH3 radicals, and in view of energies of the order of
0.01–0.1 eV associated with conformation changes of the
free BDTR, we are confident that the calculated lowest-
energy configuration in Fig. 2�a� is the ground-state configu-
ration for submonolayer coverages of BDTR/Au�111�. At
worst, we expect our calculated optimum structure to be
within a few kBT of the global binding energy minimum at
room temperature.

APPENDIX B: COVERAGE DEPENDENCE
OF THE BDTR CHEMISORPTION ENERGY

1. Au(111)

The bond strength between BDTR and the Au�111� sur-
face increases substantially with decreasing coverage 	, as
can been read from Table V. Due to prohibitive computa-
tional costs for calculations involving large surface unit cells
we were not able to obtain the binding energy of an indi-
vidual adsorbed BDTR, i.e., the limit 	→0 could not be
reached. We attribute the coverage dependence of the bind-
ing energy to strong substrate-mediated, adsorbate-adsorbate
interactions. In order to corroborate this assertion, we relate
the change in binding energy between the �4�3� and �4
�4� surface unit cell to a quantitative measure of the change
in adsorbate induced substrate relaxation. We observe that
the effect of the sulfur-surface bond is an expansion of the
hollow site in the vicinity of the S atom. Thus, the mutual
distance di,j of the neighboring three Au atoms is increased
as compared to the clean substrate. We find that the expan-
sion of the hollow sites increases as the coverage decreases.

In an effort to quantify this effect, we consider the sum of
the distances between the Au atoms of the hollow sites which
are closest to the S atoms for a given surface unit cell and
BDTR configuration. The change of this quantity upon in-
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creasing the surface unit cell from �4�3� to �4�4� is de-
fined as

�d = �
i,j=1

i
j

3

�di,j
�4�4��S1� + di,j

�4�4��S2��

− �
i,j=1

i
j

3

�di,j
�4�3��S1� + di,j

�4�3��S2�� �B1�

S1 and S2 refer to the sulfur atoms of BDTR. In Fig. 8 we
plot the change in binding energy versus �d for different
configurations. Clearly, a correlation between the increase in
binding energy and the change of adsorbate induced sub-
strate relaxations can be observed, which corroborates our
assertion.

2. Au(100)

In contrast to the Au�111� surface the coverage depen-
dence of the binding energy is less pronounced, see Table V.
The absolute value of the binding energy increases by

approximately 0.16 eV if the coverage is decreased from
one BDTR per �4�3� surface unit cell to one BDTR per
�6�6�. In case of the Au�111� surface the increase of the
absolute value of the binding energy amounts to 0.46 eV.
Concomitantly, we find the adsorbate induced relaxation of
the Au surface atoms in the neighborhood of the S atoms to
depend much more sensitively on the size of the surface unit
cell in case of the densely packed Au�111� surface as op-
posed to the more open Au�100� surface. In view of the
correlation shown in Fig. 8 this is consistent with a stronger
variation of the BDTR binding energy with surface unit-cell
size in case of Au�111� as opposed to Au�100�.

APPENDIX C: CONVERGENCE TESTS

We report the convergence of the DFT binding energies of
BDTR on the Au�111� and Au�100� surfaces with respect to
computational parameters. The variation of binding energy
due to an increase of the size of the surface unit cell �i.e.,
decrease of BDTR coverage� is discussed in Appendix B. In
order to obtain an impression of the error related to the
exchange-correlation functional Exc�n�, we compare our
GGA results to data calculated within the local density ap-
proximation �LDA� for Exc�n�.106,107

TABLE V. Coverage dependence of structural parameters and
binding energies for the configurations of BDTR/Au�111� in Fig. 2
and BDTR/Au�100� in Fig. 6. Eb is the DFT-PW91 binding energy
per radical as defined in Eq. �1� and dS-S refers to the distance
between the S atoms.

Configuration Cell size Eb �eV�
dS-S

�Å�

BDTR/Au�111�

a �4�3� −3.26 4.85

a �4�4� −3.45 4.82

a �4�6� −3.63 4.83

a �6�3� −3.47 4.91

a �6�6� −3.72 4.85

b �4�3� −3.25 5.48

b �4�4� −3.31 5.50

c �4�3� −3.24 5.44

c �4�4� −3.29 5.44

d �4�3� −3.23 4.81

d �4�4� −3.31 4.86

BDTR/Au�100�
a �4�3� −4.01 5.36

a �4�4� −4.11 5.33

a �6�6� −4.18 5.33

b �4�3� −4.02 5.33

b �4�4� −4.09 5.31

b �6�6� −4.17 5.32

c �4�3� −4.01 5.45

c �4�4� −4.07 5.46

c �6�6� −4.15 5.46

TABLE VI. Convergence of the binding energy Eb for BDTR on
Au�111� in the configuration depicted in Fig. 2�a�. The coverage
corresponds to one BDTR per �4�3� surface unit cell. Note that the
values for Eb in the main part of this work have been obtained with
a cutoff energy of 340 eV, nine Au layers, and 48 k points.

Ecutoff

�eV� Nkpt Nlayer Exc�n�
Eb

�eV�

Plane wave cutoff energy Ecutoff

250 12 4 GGA −3.34

340 12 4 GGA −3.39

420 12 4 GGA −3.40

520 12 4 GGA −3.41

Number of Au layers Nlayer

250 12 4 GGA −3.34

250 12 6 GGA −3.37

250 12 9 GGA −3.28

250 12 12 GGA −3.29

250 12 15 GGA −3.25

250 12 18 GGA −3.26

Number of k-points Nkpt

250 12 4 GGA −3.34

250 48 4 GGA −3.26

250 108 4 GGA −3.26

Approx. to the Exc�n� functional

250 12 4 GGA −3.34

250 12 4 LDA −4.96
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1. Au(111)

The convergence of the binding energy Eb per BDTR for
the configuration depicted in Fig. 2�a� is summarized in
Table VI. The error of Eb related to the cutoff energy of the
plane-wave expansion, the number of Au layers in the slab,
and number of k-points are estimated to be 0.02, 0.02, and
less than 0.01 eV, respectively. An increase of the vacuum
region thickness by �9 Å changes Eb by only 0.01 eV. As
outlined in Sec. II, the relaxed positions of the Au atoms
within the first three layers of the slab and the positions of
the atoms of the BDT adsorbate are calculated in a slab com-
prising 4 layers of Au, a cutoff energy of 250 eV, and 12
special k points in the complete first Brillouin zone. Per-
forming a relaxation of the atomic positions in a slab com-

prising 9 Au layers, a cutoff energy of 340 eV, and 48 special
k points leads to an increase of the absolute value of Eb by
less than 0.03 eV. Increasing the number of relaxed Au sub-
strate layers from 3 to 5 changes the binding energy for one
BDTR per �4�4� surface unit cell by approximately 0.01 eV

TABLE VII. Convergence of the energy difference �E between different local chemisorption energy
minima on the Au�111� surface.

Cell size Config. in Fig. 2
Ecutoff

�eV� Nkpt Nlayer Exc�n�
�E

�eV�

�4�3� a↔b 250 12 4 GGA 0.041

�4�3� a↔b 340 48 9 GGA 0.014

�4�3� a↔b 250 12 4 LDA −0.006

�4�4� a↔b 250 9 4 GGA 0.109

�4�4� a↔b 340 36 9 GGA 0.136

�4�3� a↔c 250 12 4 GGA 0.047

�4�3� a↔c 340 48 9 GGA 0.017

�4�4� a↔c 250 9 4 GGA 0.131

�4�4� a↔c 340 36 9 GGA 0.163

�4�3� a↔e 250 12 4 GGA 0.073

�4�3� a↔e 340 48 9 GGA 0.050

�4�3� a↔g 250 12 4 GGA 0.180

�4�3� a↔g 340 48 9 GGA 0.177

�4�3� a↔g 250 12 4 LDA 0.226

�4�3� a↔h 250 12 4 GGA 0.192

�4�3� a↔h 340 48 9 GGA 0.206

�4�3� a↔h 250 12 4 LDA 0.167

TABLE VIII. Convergence of the binding energy Eb for BDTR
on Au�100� in the configuration depicted in Fig. 6�b�. The coverage
corresponds to one BDTR per �4�3� surface unit cell. Note that the
values for Eb in the main part of this work have been obtained with
a cutoff energy of 340 eV, 12 Au layers, and 48 k points.

Ecutoff

�eV� Nkpt Nlayer Exc�n�
Eb

�eV�

Number of Au layers Nlayer

250 12 4 GGA −4.11

250 12 6 GGA −4.00

250 12 10 GGA −4.06

250 12 12 GGA −4.03

250 12 14 GGA −4.02

Number of k-points Nkpt

250 12 4 GGA −4.11

250 48 4 GGA −4.07

250 108 4 GGA −4.06

Approx. to the Exc�n� functional

250 12 4 GGA −4.11

250 12 4 LDA −5.87
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FIG. 8. �Color online� Change in binding energy Eb upon in-
creasing the surface unit cell from �4�3� to �4�4� as a function of
�d for different configurations. �d serves as a measure for the
change in adsorbate induced substrate relaxations �see Eq. �B1��.
The data have been obtained using 250 eV for the cutoff energy,
12 k points in the full Brillouin zone, and 4 Au substrate layers.
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�data for 250 eV cutoff energy, 12 k points, 9 Au layers in
the slab�.

Altogether, we arrive at an estimate for the absolute
binding-energy error of approximately 0.10 eV not taking
into account errors related to the use of the PW91-GGA
exchange-correlation functional.

It is well known that the LDA for Exc�n� tends to
overbind. Using the LDA, we obtain an absolute value of the
binding energy which is 1.62 eV larger compared to PW91-
GGA �see Table VI.

In Table VII the convergence of total-energy differences
�E between different chemisorption configurations of BDTR
on the Au�111� surface is summarized. The error of �E re-
lated to the cutoff energy, number of Au layers in the slab,
and number of special k points is on the order of 0.03 eV.

The error of structural parameters like dS-S and dS-Au as-
sociated with a finite cutoff energy, number of Au layers in
the slab, and number of special k points is estimated to be
0.02 Å.

2. Au(100)

The convergence of the binding energy Eb per BDTR for
the configuration depicted in Fig. 6�b� is summarized in
Table VIII. The error of Eb related to the number of Au
layers in the slab and the number of k-points is estimated to

be 0.01 eV each. We assume that the error of Eb related to
the cutoff energy does not depend sensitively on surface ori-
entation. Thus, we assume it to be equal to 0.02 eV. An
increase of the vacuum region to �21 Å results in a change
in Eb of 0.002 eV.

As outlined in Sec. II, the relaxed positions of the Au
atoms within the first three layers of the slab and the posi-
tions of the atoms of the BDT adsorbate are calculated in a
slab comprising 4 layers of Au, a cutoff energy of 250 eV,
and 12 special k points in the complete first Brillouin zone.
Performing a relaxation of the atomic positions in a slab
comprising 12 Au layers, a cutoff energy of 340 eV, and 48
special k-points leads to a decrease of Eb by less than 0.03
eV.

Altogether, we arrive at an estimate for the absolute
binding-energy error of approximately 0.09 eV not taking
into account errors related to the use of the PW91-GGA
exchange-correlation functional.

Using the LDA functional for Exc�n�, we obtain a binding
energy which is 1.77 eV lower compared to the PW91-GGA
value �see Table VI�.

In Table IX the convergence of the total-energy difference
�E between different BDTR chemisorption configurations
on the Au�100� surface is summarized. The error of �E re-
lated to the cutoff energy, number of Au layers in the slab,
and number of special k-points amounts to �0.03 eV.
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