Tuning the Adsorption of Aromatic Molecules on Platinum via Halogenation
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Abstract: The interaction of aromatic molecules with metal surfaces
is of key relevance for the functionality of molecular electronics and
organic electronics devices. One way to control and tune the binding
properties of molecules to metals is chemical functionalization. The
adsorption of halogenated benzene molecules on the (111) surface
of platinum is here investigated by density functional theory calculations with non-local van der Waals correlation functional. It is found
that these systems exhibit a bistable adsorption energy profile with
(meta)stable chemisorption and physisorption states separated by a
potential energy barrier. The relative stability of these states can be
tuned by functionalizing benzene with a different number or type of
halogen atoms. Our results suggest a simple rational molecular design to achieve the desired interfacial binding in organic electronic
devices and in composites with interfaces between large aromatic
molecules and metals.

INTRODUCTION
The interaction between aromatic molecules and metal surfaces
is of fundamental importance in determining the interfacial electronic transport properties in organic thin-film devices, 1–3 and the
thermal and mechanical properties of self assembled monolayers 4,5
and polymer composites. These interactions also affect self assembling processes on surfaces, such as the bottom-up fabrication
of graphene nanoribbons, 6 and are critical for the functionality of
molecular switches. 7,8 It is, therefore, crucial to be able to predict
interfacial structures and energetics as a function of the chemical
details of the adsorbed molecules and to have the possibility of rationalizing molecular design for specific applications.
Benzene is the building block unit of aromatic molecules, and
benzene adsorbed on metal surfaces is one of the most widely investigated benchmark systems of organic/inorganic interfaces. 9,10
Larger aromatic molecules can be produced from benzene by catalysis, and both benzene and its derivatives can be functionalized with
halogen atoms. 11,12 Selective halogenation may provide a simple
way to modulate the interaction of aromatic molecules with metal
surfaces. However, monitoring the adsorption properties of small
and light molecules, such as halogenated benzene, is experimentally challenging due to the low scattering factor of light atoms
in surface crystallographic methods, and to the tendency of some
of these molecules to dissociate on metal surfaces. Thus, important information, such as the structure and energetics at the singlemolecule level, is still not available.
The investigation of halogenated benzene molecules on metal
surfaces dates back to about a century ago, with the study of catalytic coupling of aryl via the Ullmann reaction. 13 The Ullmann
reaction has prompted many scanning tunneling microscopy studies of the adsorption, dissociation, and diffusion of various halo† Max Planck Institute for Polymer Research, Ackermannweg 10, 55128
Mainz, Germany
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genated benzene molecules on Cu(111). 14–17 One of these studies showed that it is possible to control the amount and direction
of charge transfer, and the network formation of various trisubstituted benzene molecules on Cu(111). 17 The adsorption energy and
configuration of larger aromatic molecules, such as pentacene on
Cu(111), were also shown to change significantly by functionalization with fluorine atoms. 18,19
In this paper, we investigate the effect of halogen substitution (F,
Cl, and Br) on the adsorption of benzene on Pt(111) by means of
first-principles electronic structure calculations. Platinum is chosen as a prototype transition metal with a partially unoccupied dshell and it was shown that the adsorption of conjugated systems
on d-type transition metal surfaces is determined by an interesting
combination of chemical bonding and dispersion interactions. 20
Here we show that, in contrast with benzene, which is directly chemisorbed on Pt(111), halogenated molecules present
bistable adsorption with (meta)stable chemisorption and physisorption states separated by an energy barrier. The relative stability of
physisorption versus chemisorption states can be tuned by changing the number and the type of functionalizing halogen atoms.
The energetics of adsorption is controlled by the structural changes
of the chemisorbed molecules, the interaction between the carbon
ring and the d-electrons of the substrate, and long-range dispersion
forces. Assuming that these factors contribute nearly additively to
the adsorption energy permits a detailed interpretation of the interaction of halogenated benzene molecules with Pt(111).
METHODS
The adsorption energy and geometry of halogenated benzene
molecules on Pt(111) is studied using density functional theory
(DFT). In these type of systems the effect of van der Waals (vdW)
forces is essential and has to be explicitly taken into account to
achieve a meaningful physical description and good agreement
with experiments. 21–25 We use the non-local vdW correlation functional, vdW-DF, 21 combined with the Perdew, Burke and Ernzerhof
(PBE) 26 local exchange. This combination of local exchange and
non-local correlation functionals gives good agreement between the
calculated and experimentally measured adsorption energy for benzene on Au(111). 27 The core electrons were described using the
PAW method 28,29 and for the valence electrons a plane wave cut
off of 400 eV was used. All the calculations were performed using
the VASP 4.6 code. 30,31
The optimized equilibrium lattice constant of bulk Pt is 4.03 Å
using vdW-DF with PBE exchange, and 3.98 Å using GGA-PBE,
compared with the experimental value of 3.92 Å. The substrate is
modeled as a four–layer slab of platinum atoms in a supercell with
periodic boundary conditions. The two bottom layers are kept fixed
at their crystallographic bulk coordinates, and the periodic images
of the slabs are separated by ∼30 Å of vacuum. To probe the effect
of different coverages, calculations were performed considering the
adsorption of one (halogenated) benzene molecule in two supercells
with different lateral dimensions are considered, containing slabs of
16 and 30 atoms per layer of Pt, corresponding to different coverage. The smaller cell is an orthorhombic supercell of dimensions

11.4 Å × 9.9 Å × 37 Å, equivalent to (4×4) hexagonal unit cells,
while the larger supercell is 14.3 Å × 14.8 Å × 37 Å. Following
the definition in Ref. [10], these systems correspond to a coverage
of Θ = 0.41 monolayer (ML) for the smaller simulation cell and
Θ = 0.22 ML for the larger. In the ionic relaxations the geometry
optimizations were stopped when the maximum force component
was less than 10 meV/Å. The potential energy surface (PES) is calculated by fixing the z-coordinates of the two opposite C atoms
attached to the halogens and adjusting this distance from the surface. All other coordinates were allowed to relax except for the
fixed layers at the bottom of the Pt slab.
3. RESULTS AND DISCUSSION
In this section we first demonstrate the validity of the calculations
by considering the benchmark system of benzene adsorption. We
then systematically address the effect of the number of halogen
atoms and the type of halogen atoms before presenting a detailed
analysis of the adsorption trends.
3.1. Benchmark Calculations on Adsorption of Benzene on
Au(111) and Pt(111)
To validate our simulation setup and quantify the importance of
dispersion interactions we computed the binding energy of benzene as a function of its distance (z) from Pt (111) using both
a standard semi-local DFT functional (PBE) 26 and vdW-DF with
PBE exchange. In its most favorable adsorption geometry benzene lies flat on the Pt(111), with its center of mass on the bridge
site (B-30), 20,32 where the axis formed by two opposite hydrogen
atoms is rotated by 30◦ with respect to the direction of the bridge
site (Figure 1a). In this geometry we observe an adsorption minimum at a vertical distance (z) of the carbon ring from the surface of 2.13 and 2.16 Å for PBE and vdW-DF calculations, respectively, which is in excellent agreement with the experimental
value of 2.11 Å. 32 As observed from low-energy electron diffraction (LEED) experiments, 32 benzene chemisorbed on Pt is distorted from its gas phase planar geometry, as the C–H bonds bend
upwards, due to repulsion with the underlying substrate. Bending depends on the position of H with respect to the atoms of the
substrate. In the B-30 configuration four hydrogen atoms sit on
bridge sites and bend by 0.34 Å (18◦ ) with respect to the plane
of the aromatic ring, and two sit almost on top sites and bend by
0.56 Å (31◦ ) (Figure 1a). The adsorption energy, Eads , is defined
as Eads = Etotal − Emolecule − Esurface where Etotal , Emolecule , and
Esurface are the total energies of the adsorbed system, the isolated
molecule, and the clean Pt surface, respectively. Eads obtained using the PBE functional is −1.19 eV, indicating that the interaction
between benzene and the surface is mostly due to chemical bonding. Ihm and coworkers, 10 using calorimetric measurments, observed that the binding energy of benzene on Pt(111) surface was
coverage dependent. Using vdW-DF gives adsorption energies of
−1.61 eV at 0.41 ML coverage and −1.69 eV at the lowest coverage of 0.22 ML. Both results are within the experimental binding
energy range of 1.52-1.86 eV (for θ = 0.41 ML) and 1.69-2.07 eV
(for θ = 0.22 ML), 10 and indicate that dispersion forces have a
significant role in chemisorption, augmenting the binding energy
by about 0.4 eV. The potential energy surface (PES), Eads (z), obtained with vdW-DF (see Figure 1c) qualitatively resembles the one
reported in a former theoretical work, 20 and displays a very shallow
minimum with Eads ∼ −1 eV at z ∼ 3.0 Å, due to dispersion interactions. In this marginally metastable physisorption state benzene
retains its gas phase geometry (Figure 1b).
In Table 1 the adsorption energies of benzene on Au(111) and
Pt(111) resulting from various state-of-the-art vdW-DF methods are
compared to experiments. The comparison shows that, especially
for adsorption on Pt, the choice of the vdW correction can make a
large difference. Our chosen flavor of vdW-DF(PBE) yields a good
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agreement with the experimental data sets.
Table 1. Adsorption energies for benzene on Pt(111) and Au(111) surfaces. On Pt the adsorption is on the B-30 site and for Au the adsorption is
on the H-30 site. The surface coverages are calculated using the definition
given in Ref. [10] and correspond to 0.41 ML for our data, for optB88-vdW
and the experimental range, and 0.73 ML for PBE+vdWsurf and DFT-D2 calculations. Energies are in eV.

XC functional
PBE
vdW-DF (PBE)
vdW-DF (revPBE)
vdW-DF2 (PW86)
PBE+vdWsurf
optB88-vdW
DFT-D2
Experiment

C6 H6 /Pt(111)
1.19
1.61
0.92
0.86
1.96 20
2.14 33
1.52-1.86 10

C6 H6 /Au(111)
0.10
0.83
0.55
0.66
0.74 20
0.76 34
0.64 35

3.2. Adsorption of Polychlorobenzene Molecules
Before systematically addressing the effect of halogenation, we
have verified that the preferential adsorption site of halogenated
benzene molecules on Pt(111) corresponds to that of benzene.
Computing the chemisorption energy of hexafluorobenzene (C6 F6 )
on various sites we have found that the B-30 is the most stable
one (see Section 1 in the SI). Therefore, from now on, we always
consider molecules adsorbed on the B-30 site. In addition, physisorption energies are relatively insensitive to the adsorption site,
as shown, for example, in the case of 1,4-C6 H4 Cl2 on Pt(111). 36

Figure 1. Relaxed geometries of benzene or halogenated benzene ad-

sorbed at the B-30 site on Pt(111) for (a) chemisorbed and (b) physisorbed
states. Brown, gray and green spheres represent Pt, C, and H or halogen
atoms, respectively. Calculated adsorption energies of (c) chlorobenzenes
and (d) 1,4-dihalogenated benzenes on Pt(111) surface at low coverage as
a function of the distance between the surface plane and the constrained
carbon atoms.

We proceed to examine the effect of halogenation of benzene
on the PES by gradually substituting H atoms with Cl atoms.
For 2, 3 or 4 substitutions there are several possible configurations, so we only consider the most symmetric ones, namely, 1,4-

C6 H4 Cl2 (para-dichlorobenzene), 1,3,5-C6 H3 Cl3 (trichlorobenzene), and 1,2,4,5-C6 H2 Cl4 (tetrachlorobenzene). The PESs,
shown in Figure 1c, are calculated for a coverage of 0.41 ML
by fixing the coordinates of two C atoms and changing the distance from Pt(111). Each adsorption curve has two minima, one
at ∼2.15 Å and the other at 3.11-3.43 Å, which correspond to
chemisorbed and physisorbed states, respectively. As the number
of Cl atoms is increased, bistability becomes more pronounced:
the chemisorption minimum becomes shallower, whereas the physisorption minimum gets deeper due to the increased vdW interaction between the halogen atoms and the metallic substrate. This
effect produces a crossover in the relative stability of the two minima, such that physisorption becomes energetically more favorable
than chemisorption for four or more Cl atoms. The equilibrium
distance for physisorption is also affected by halogenation, with
the position of the minimum increasing from 2.97 Å for benzene
to 3.43 Å for C6 Cl6 . An analysis of the molecular structures in
the chemisorbed states allows one to understand the energetics of
adsorption of chlorobenzene molecules on Pt(111). Like benzene,
chlorobenzene molecules are deformed in the chemisorption state,
while they retain their undistorted planar gas-phase geometry in
the physisorption state. For instance, the adsorption geometries of
C6 Cl6 in both states are shown in Figure 1(a-b). The out-of-plane
bending of C–H and C–Cl bonds is due to steric repulsion between
H and Cl atoms and the metallic substrate, and costs a considerable
amount of energy, denoted Ebend , which penalizes chemisorption.
We calculate Ebend as the difference between the single point energy of a deformed molecule in gas phase and the energy of the
relaxed molecule in vacuum in the same simulation box. The Ebend
value for C6 H6 is 1.49 eV. Bending angles are significantly larger
for C–Cl bonds (22-42◦ ) than for C–H bonds (18-33◦ ) resulting in
a larger average bending energy of about 0.3 eV per bond. Ebend is
only partially compensated by the stronger attraction between chlorinated benzene and the substrate, so that the more Cl atoms are
replaced by H, the more energetically unfavorable the chemisorbed
state. A detailed analysis of adsorption geometries and energetics
is reported in Section 2 of the SI.
3.3. Adsorption of Dihalogenated Benzene Molecules
To probe the effect of substituting different types of halogen atoms
chem and E phys , respecon the chemi- and physisorption energies (Eads
ads
tively), we have computed the adsorption energy profiles of 1,4dihalogenated benzene molecules on Pt(111) using F, Cl and Br
for halogenation at a coverage of 0.41 ML, (Figure 1d). These
molecules display a physisorption minimum at about 3.2 Å and
a deeper chemisorption minimum at 2.2 Å. However, the binding
energies in both the chemisorbed and the physisorbed states increase (minima get deeper) as the “size" of the halogen substituents
increases. In general, larger halogens are more polarizable and,
therefore, have stronger vdW interactions with the substrate, thus
enhancing not only their physisorption binding energy but also the
contribution of dispersion interactions to the chemisorption energy.
3.4. Adsorption of Polyhalogenated Benzene Molecules
In order to explore the general trends and gain a better insight into
the effect of halogenation on the adsorption properties of benzene
on Pt(111), we investigated the chemisorption and physisorption of
a large set of polyhalogenated benzenes with F, Cl or Br, where
n = 1 − 6 is the number of halogen atoms, and for both 0.41 and
0.22 ML coverages. To compute the binding energies we performed
a full geometry relaxation of the molecules and the top two layers
of the surface. Results are plotted in Figure 2 and collected in Table 2 in SI. Depending on the type of halogen atom, the chemiand physisorption energies exhibit different behavior. For benzene
functionalized with Cl or Br, we observe a linear increase of the
physisorption binding energy with n, with Br providing a stronger
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Figure 2. Calculated chemisorption and physisorption energies of poly-

halogenated benzenes on Pt(111) surface as a function of the number of
halogens using PBE and vdW-DF with Θ =0.22 ML (open symbols) and
0.41ML (full symbols).

attraction than Cl. On the other hand, F substitution has no sizable
phys
impact on Eads , which remains of the same order as the binding
energy of the shallow physisorption minimum observed for benzene. As in the cases discussed above, the physisorbed molecules
retain their gas-phase planar geometry, and we do not observe significant variations in the electronic structure of either the molecules
phys
or the surface. Therefore, these trends in Eads simply stem from
the enhanced vdW interaction between the halogen atoms and the
surface as a function of the polarizability of the halogens, which is
larger than that of hydrogen. Decreasing the coverage from 0.41 to
phys
0.22 ML systematically lowers Eads by 0.04 eV, indicating a weak
repulsive lateral interaction between the adsorbate.
Trends in chemisorption energies are very different, depending
on the type of halogen atoms used for substitution (Figure 2). As
shown in Figure 1a, substituting H with Cl weakens chemisorption
and strengthens physisorption, so that physisorption binding energy
phys
chem
increases monotonically and a crossover between Eads and Eads
occurs between 3 and 4 Cl atoms. Substituting H with Br does
chem , which remains similar to the
not produce large variations in Eads
binding energy of benzene, ∼ -1.6 eV. Also bromination gives rise
phys
chem between 4 and 5 Br atoms,
to a crossover between Eads and Eads
due to the monotonic increase of the physisorption binding energy
with n.∗ On the other hand, the binding energy of chemisorbed
polyfluorobenzene is non-monotonic: it decreases as n goes from 1
to 3, and increases again as n goes from 3 to 6: no crossover with
physisorption is observed.
∗ We note that chlorinated and brominated benzenes with n = 6 tend to dissociate easily when they are brought in close contact with Pt, therefore the results in
Figure 2 for large n may correspond to marginally stable structures, most likely
very difficult to stabilize experimentally.

Table 2. Buckling energy of the surface, in eV, and the average outward displacement, in Å, of the surface Pt atoms bounded to the molecules with respect to
the unbound Pt atoms. The calculated Ebuck and dbuck for benzene is 0.36 eV and 0.14 Å, respectively.

F
n
1
2
3
4
5
6

dbuck
0.15
0.15
0.16
0.17
0.18
0.19

Ebuck
0.38
0.40
0.44
0.45
0.46
0.45

Θ = 0.41
Cl
dbuck Ebuck
0.15
0.38
0.15
0.40
0.16
0.43
0.17
0.43
0.18
0.44
0.19
0.46

Br
dbuck
0.12
0.12
0.13
0.13
0.13
0.13

F
Ebuck
0.42
0.44
0.47
0.46
0.48
0.49

To achieve a consistent interpretation of the observed trends in
chemisorption energies, one has to identify the main contributions
chem , the largest of which is attractive and corresponds to the
to Eads
chemical bonding between the aromatic carbon ring and the Pt
surface. This term is augmented by the vdW interactions of the
molecules with the surface. It is possible to single out the vdW
contribution by comparing vdW-DF binding energies to those obtained with the PBE functional. Such comparison shows that local
electronic interactions are predominantly responsible for the nonchem of polyfluorobenzene, since PBE calmonotonic trend of the Eads
culations give nearly the same chemisorption energy for n=3-6, as
shown in Figure 2. We also note that dispersion forces contribute
significantly to stabilize the chemisorbed state of chlorinated and
brominated benzene molecules. In general, the vdW contribution
is linearly proportional to the number of substituted halogens as
demonstrated in Figure 3 and further details are presented in Section 3 in SI.
As mentioned above, benzene and halogenated benzene
molecules in the chemisorbed states are deformed, with C–H and
C–X (X=F, Cl, or Br) bonds bent away from the surface, due to
steric repulsion. The bending energy penalizes chemisorption and
ranges from 1.49 eV for benzene to 3.67 eV for C6 F6 . Ebend increases monotonically with the number of halogen substituents,
and spans roughly the same energy range regardless of their type
(Figure 4). In the case of Cl and Br substituents, Ebend is fairly
linear as a function of n, whereas it deviates significantly from
linearity for fluorinated benzene. Deviations from linearity depend
on the position of the substituting halogen atoms with respect to
the substrate and on collective interactions within the deformed
molecule. In particular, the discontinuity from n = 2 to n = 3 is due
to the presence of one halogen atom on top of a Pt atom.

dbuck
0.13
0.14
0.14
0.15
0.16
0.17

Ebuck
0.42
0.43
0.48
0.49
0.49
0.52

Θ = 0.22
Cl
dbuck Ebuck
0.13
0.42
0.14
0.44
0.14
0.47
0.15
0.46
0.15
0.47
0.17
0.50

Br
dbuck
0.12
0.12
0.13
0.13
0.13
0.15

Ebuck
0.42
0.44
0.46
0.46
0.48
0.52

face atoms ranges from 0.36 eV for benzene to 0.48 eV for C6 HBr5 .
Buckling energies and displacements for each system with θ = 0.41
and θ = 0.22 ML are reported in Table 2.
Calculations of the adsorption energy at different coverage show
that the interaction between chemisorbed molecules is weakly repulsive. Reducing coverage from 0.41 to 0.22 ML leads to a syschem of less than 0.1 eV. An exception is
tematic negative shift of Eads
chem is 0.2 eV. Furthe case of C6 HBr5 where the difference in Eads
chem of
ther decreasing the coverage to 0.14 ML decreases the Eads
C6 HBr5 by 0.1 eV. These results indicate that, although they are
important for determining the absolute binding energies, surface
buckling and intermolecular interactions have a much smaller imchem than chemical interactions, dispersion
pact on the trends of Eads
forces and molecular deformations. We also estimate the contribution from dipole-image interaction 37 to the chemisorption energy,
which is about 0.02 eV for the molecules with the largest dipole
moment, i.e. fluorobenzenes. Thus, we conclude that electrostatics
has a negligible impact on the chemisorption energy.

Figure 4. Bending energy of polyhalogenated benzene on Pt(111) the

number of halogen substitution. Deformation energies are independent on
coverage.

The combination of the effects listed above produces nearly linear trends in the chemisorption energy of chlorinated and brominated benzene molecules as a function of n. This behavior allows
X per halogen atom X = Cl or Br,
us to define a contribution to ∆εads
as:
X
∆εads
= (Eads [C6 H6−n Xn ] − Eads [C6 H6 ])/n
(1)

Figure 3. Contribution of dispersion interactions to the chemisorption energies of polyhalogenated benzenes with coverage Θ=0.41 ML, computed
as the difference between vdW-DF and PBE adsorption energies.

In addition, we observe buckling of the surface Pt atoms in contact with the chemisorbed molecules. Buckling displacements can
be as large as 0.14 Å for benzene, up to 0.19 Å for hexahalogenated
benzene molecules. The energy required for the buckling of the sur-
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which can be calculated for any chosen C6 H6−n Xn molecule or averaged over a set of them. The total chemisorption energy for polychlorinated and polybrominated benzene on Pt(111) can, therefore,
chem [C H
chem
X
be expressed as Eads
6 6−n Xn ] = Eads [C6 H6 ] + n∆εads . UsX , the adsorption energies
ing C6 Cl6 and C6 Br6 to calculate ∆εads
of the other polychlorinated and polybrominated molecules can be
retrieved with an accuracy within 0.1 eV. On the other hand, in the
case of fluorination a linear fit is not suitable to describe chemisorpchem . This fit may
tion, because of the non-monotonic trend of Eads
chem would
eventually serve as a simple model to predict how Eads

change when larger aromatic molecules are halogenated, or in case
of mixed halogenation. 18,19
4. CONCLUSIONS
In summary, using first-principles calculations including van der
Waals interactions, we have shown that the adsorption of polyhalogenated benzene on the Pt(111) surface displays a bistable adsorption energy profile, with a chemisorption and a physisorption
state, which differ in their bonding properties, equilibrium distances, and electronic structures. By changing the number or the
type of halogen atoms it is possible to systematically control the relative stability of chemisorption and physisorption states. The various types of interactions determining the binding energy between
halogenated molecules and the metallic substrate have been evaluated and ranked. For chlorinated and brominated benzenes these
contributions lead to simple linear trends in both chemisorption and
physisorption energies, which make it relatively easy to predict the
binding properties of a set of halogenated molecules to surfaces by
knowing the binding energy of a smaller subset. These results suggest that selective halogenation of phenyl rings can be exploited as
a tool for molecular design to control the nature of surface bonding of large aromatic molecules or polymer side-chains to metal
surfaces. Such tools offer broad perspectives of exploitation in all
those applications, where the interaction between molecules and
metallic surfaces is critical, such as polymer composites, surfaceassisted molecular assembly, organic electronic devices, molecular
junctions and molecular switches.
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(24) Atodiresei, N.; Caciuc, V.; Lazić, P.; Blügel, S. Chemical versus van der
Waals Interaction: The Role of the Heteroatom in the Flat Absorption of
Aromatic Molecules C6H6, C5NH5, and C4N2H4 on the Cu(110) Surface.
Phys. Rev. Lett. 2009, 102, 136809.
(25) Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A consistent and accurate ab
initio parametrization of density functional dispersion correction (DFT-D)
for the 94 elements H-Pu. J. Chem. Phys. 2010, 132, 154104.
(26) Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized Gradient Approximation Made Simple. Phys. Rev. Lett. 1996, 77, 3865–3868.
(27) Johnston, K.; Harmandaris, V. Properties of Benzene Confined between
Two Au(111) Surfaces Using a Combined Density Functional Theory and
Classical Molecular Dynamics Approach. J. Phys. Chem. C 2011, 115,
14707–14717.
(28) Blöchl, P. E. Projector augmented-wave method. Phys. Rev. B 1994, 50,
17953.
(29) Kresse, G.; Joubert, D. From ultrasoft pseudopotentials to the projector
augmented-wave method. Phys. Rev. B 1999, 59, 1758.
(30) Kresse, G.; Furthmüller, J. Efficiency of ab-initio total energy calculations for metals and semiconductors using a plane-wave basis set. Comput.
Mater. Sci. 1996, 6, 15–50.
(31) Kresse, G.; Furthmüller, J. Efficient iterative schemes for ab initio totalenergy calculations using a plane-wave basis set. Phys. Rev. B 1996, 54,
11169.
(32) Wander, A.; Held, G.; Hwang, R. Q.; Blackman, G. S.; Xu, M. L.; de
Andres, P.; Van Hove, M. A.; Somorjai, G. A. A diffuse LEED study of
the adsorption structure of disordered benzene on Pt( 111). Surf. Sci. 1991,
249, 21–34.
(33) Zhang, R.; Hensley, A. J.; McEwen, J.-S.; Wickert, S.; Darlatt, E.; Fischer, K.; Schöppke, M.; Denecke, R.; Streber, R.; Lorenz, M.; Papp, C.;
Steinrük, H.-P. Integrated X-ray photoelectron spectroscopy and DFT characterization of benzene adsorption on Pt(111), Pt(355) and Pt(322) surfaces. Phys. Chem. Chem. Phys. 2013, 15, 20662–20671.
(34) Tonigold, K.; Gross, A. Adsorption of small aromatic molecules on the
(111) surfaces of noble metals: A density functional theory study with
semiempirical corrections for dispersion effects. J. Chem. Phys. 2010, 132,
224701.
(35) Syomin, D.; Kim, J.; Koel, B. E.; Ellison, G. B. Identification of Adsorbed
Phenyl (C6 H5 ) Groups on Metal Surfaces: Electron-Induced Dissociation
of Benzene on Au(111). J. Phys. Chem. B 2001, 105, 8387.
(36) Peköz, R.; Johnston, K.; Donadio, D. Adsorption of dichlorobenzene on
Au and Pt stepped surfaces using van der Waals density functional theory.
J. Phys. Chem. C 2012, 116, 20409.
(37) Maschhoff, B. L.; Cowin, J. P. Corrected electrostatic model for dipoles
adsorbed on a metal surface. J. Chem. Phys. 1994, 101, 8138–8151.

Graphical TOC Entry

6

