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Abstract

The adsorption of organic molecules on inorganic surfaces is of vital importance both
at biological and technological interfaces, thinking for example of medical implants
or cell recognition on the one hand and anticorrosion coatings or organic electronics
on the other hand.
For studying the fundamental interactions occurring at such organic-inorganic interfaces so-called self-assembled monolayers (SAMs) have established as model system.
SAMs are well-ordered structures on surfaces, that are formed spontaneously during
the adsorption process of certain organic molecules. Both by means of experiments
and quantum chemical computations, the basic principles underlying the structure
formation have been explored for almost three decades now. However, significant
discrepancies between experiment and theory are still present. One of the reasons
for these variations might be that van der Waals or dispersive forces, though playing
a crucial role in such systems, have hardly been considered in calculational studies by now. This deficiency can be mainly traced back to the fact, that quantum
chemistry methods, capable to deal with van der Waals interactions, are computationally far too demanding to be applied to extended surfaces. On the other hand,
the approximations of density functional theory (DFT), commonly used to calculate
surface phenonema, do not invoke any treatment of dispersive interactions.
To overcome such problems, this thesis addresses the adsorption properties and principles of structure formation of organic molecules on metallic surfaces on the basis of
dispersion corrected DFT calculations. After comparing contemporary methods to
include dispersion effects into DFT, a semi-empirical correction scheme is slightly
modified to be applicable to metallic surfaces. Then, it is employed to describe
substrate-adsorbate and adsorbate-adsorbate interactions of both physisorbed and
chemisorbed molecules. Different classes of molecules are regarded to model different kinds of non-covalent interactions, that are crucial for the structure formation.
Special attention is paid to the opportunity to tailor the binding strength of the
molecule to the substrate, as strongly attached molecules are desired in many applications. The possibility that reconstruction effects of the surface might occur
during adsorption is considered as well. Finally, comparison to experiment is not
only drawn via calculation of adsorption energies or geometries, but also STM images and vibrational spectra are simulated to confirm structural proposals. An even
more realistic description of the processes at the surface might be obtained if temperature effects are accounted for. Thus, ab initio molecular dynamics simulations
are applied to SAM structures.

Zusammenfassung
Die Adsorption von organischen Molekülen auf anorganischen Oberflächen ist von
entscheidender Bedeutung sowohl an biologischen als auch an technologischen Grenzflächen, wenn man zum Beispiel an medizinische Implantate oder Zellerkennung
einerseits und an Antikorrosionsbeschichtungen oder organische Elektronik andererseits denkt.
Zur Untersuchung der grundlegenden Wechselwirkungen, die an solchen organischanorganischen Grenzflächen auftreten, haben sich sogenannte selbst-assemblierte
Monoschichten (self-assembled monolayers, SAMs) etabliert. SAMs sind wohlgeordnete Strukturen, die sich spontan während des Adsorptionsprozesses von bestimmten organischen Molekülen ausbilden. Sowohl durch Experimente als auch
durch quantenchemische Rechnungen werden seit nunmehr über drei Jahrzehnten
die der Strukturbildung zu Grunde liegenden Prinzipien erforscht. Dennoch gibt
es immernoch bedeutende Diskrepanzen zwischen Experiment und Theorie. Einer
der Gründe für die Unterschiede könnte sein, dass van der Waals oder Dispersionskräfte kaum in Rechnungen berücksichtigt werden, obwohl sie eine wichtige Rolle
in solchen Systemen spielen. Dieses Defizit kann hauptsächlich auf die Tatsache
zurückgeführt werden, dass quantenchemische Methoden, die in der Lage sind mit
van der Waals Wechselwirkungen umzugehen, rechnerisch zu anspruchsvoll sind, um
bei ausgedehnten Oberflächen angewandt zu werden. Andererseits ermöglichen die
Näherungen der Dichtefunktionaltheorie (DFT), die gemeinhin benutzt werden um
Oberflächenphänomene zu beschreiben, keine Betrachtung der Dispersionswechselwirkung.
Um solche Probleme zu überwinden, befasst sich diese Arbeit mit den Adsorptionseigenschaften und Prinzipien der Strukturbildung von organischen Molekülen auf
metallischen Oberflächen auf der Basis von dispersionskorrigierten DFT Rechnungen. Nach einem Vergleich von modernen Methoden Dispersionseffekte in DFT
einzubeziehen, wird ein semi-empirisches Korrekturschema leicht modifiziert, um es
auf Metalloberflächen anwendbar zu machen. Dann wird es für die Beschreibung
der Adsorbat-Substrat- und Adsorbat-Adsorbat-Wechselwirkung von sowohl physials auch chemisorbierten Molekülen herangezogen. Unterschiedliche Molekülklassen
werden betrachtet, um verschiedene Arten nicht-kovalenter Wechselwirkungen zu
modellieren, die für die Strukturbildung wichtig sind. Besondere Aufmerksamkeit
ist der Gelegenheit gewidmet, die Bindungsstärke zwischen Molekül und Substrat
maßzuschneidern, da in vielen Anwendungen sehr stark haftende Moleküle erwünscht
sind. Auch die Möglichkeit, dass Rekonstruktionseffekte der Oberfläche während
der Adsorption auftreten können, wird in Betracht gezogen. Schließlich wird der
Vergleich zum Experiment nicht nur durch Adsorptionsenergien oder -geometrien
hergestellt, sondern auch STM-Bilder und Schwingungsspektren werden simuliert,
um Strukturvorschläge zu bestätigen. Eine noch realistischere Beschreibung der
Vorgänge an der Oberfläche könnte dadurch erzielt werden, dass Temperatureffekte
berücksichtigt werden. Daher werden ab initio Molekulardynamik-Simulationen für
SAM-Strukturen angewandt.
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Chapter 1

Introduction
Surfaces, or interfaces in general, separate condensed matter from the environment.
Thus, the properties of surfaces are responsible for the interactions of the whole
object and actually determine many of the object’s macroscopic properties, thinking
of the optical appearence on the one hand, friction, adhesion or wetting on the other
hand. So surfaces are much more than the “work of the devil”, as W. Pauli once
called them due to fact that they break the symmetry of the crystal. They rather
offer the opportunity to tailor properties of an object.
In an amazing fashion, nature teaches us how to do that. One of the most prominent
and impressive examples is the ability of Geckos to yield adhesive forces up to 16
times of their weight. These surprisingly large forces are mainly due to van der Waals
forces resulting from an amplified contact area: the Gecko’s feet are equipped with
tiny hairs (setae) in the range of some micrometers ending in structures (spatulae) of
the dimension of some nanometers [1, 2]. Hence, the functionality of the macroscopic
surface can be directly traced back to structural features in the nanoscopic regime.
This relation opens the way to create completely new functional materials, since in
order to introduce different functionalities in the nanoscopic regime, there are no
limits to the researcher’s imagination: by etching or by depositing clusters or various
organic molecules, almost all possibilities of the chemical or physical toolbox can be
exploited to yield distinct nanostructured surfaces. Or, to put it in R. Feynman’s
words: “There is plenty of room at the bottom” [3].
Having recognized this chance, the field of nanoscience emerged and finally came
up with useful applications in different areas of life, ranging from technology to
biomedicine. Sometimes surfaces are modified to protect the interior of the object,
either against mechanical stress [4] or undesired oxidation reactions [5], sometimes
surfaces are modified to adjust to certain environmental conditions, such as in case
of medical implants or biosensors [6]. In the field of organic and molecular electronics the properties of electrodes are tuned via the adsorption of organic molecules.
Different electronic devices built on the basis of polymers have been introduced, for
example organic light emitting diodes (OLEDs) [7], organic field effective transistors
(OFETs) [8] or even organic solar cells [9].
1
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Figure 1.1: Schematic diagram of the interactions leading to ordered structures of
molecules on surfaces. In the upper panels the behaviour of aromatic molecules on noble
metal surfaces is shown, whereas the lower panels depicts the formation of self-assembled
monolayers (SAMs) of thiolates and related molecules.

The prerequisite for the development of all those and further technological achievements is a deep understanding of the underlying mechanisms. Therefore, not only
suitable methods, but also well-defined model systems are needed. Among other approaches to yield nanostructured model systems, the spontaneous self-organization
process of organic molecules on (metallic) surfaces is made use of. It results in
highly ordered monolayer structures, so-called self-assembled monolayers (SAM).
SAMs can be prepared easily, either by immersion of a metal into a solution containing the respective molecule or by evaporation of the molecule onto the surface
under ultra high vacuum (UHV) conditions. To characterize SAMs basically all
methods developed in the field of surface science can be used [10–12]. The systematic study of SAMs began in the 1980s, after pioneer works of Sagiv [13], Nuzzo
and Allara [14] or of the group of Whitesides [15] have been published. From the
very beginning there has been a natural interest to actually explain the basic interactions occurring at the surface and structural proposals have been derived from
imaging or spectroscopic methods. Figure 1.1 summarizes in a schematic fashion
some general assumptions made on the formation of SAMs. The structure formation
of adsorbed molecules is mainly ascribed to a subtle interplay of adsorbate-adsorbate
and adsorbate-substrate interactions. Their relation changes as a function of the
coverage.
In principle, two different classes of molecules that are able to yield ordered structures at surfaces can be distinguished.
First, there are molecules built up by aromatic rings, that adsorb intactly on noble
metal surfaces. To a large degree van der Waals or dispersive forces are believed
to be responsible for their adsorption. With an increasing coverage neighbouring
molecules start to interact. Depending on the specific molecular structure, H-bonds
can be formed or more generally speaking dipole-dipole interactions can occur, leading to extended 2-dimensional networks at the surface [16, 17]. If specifically de2
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signed, extended aromates are employed, such 2-dimensional structures can even be
of nanoporous character allowing them to act as templates for the organisation of
appropriate guest molecules [18, 19]. In case of small heteroaromates adsorbed on
metallic surfaces, it is under certain experimental conditions also possible, to observe
structures of tilted or upright standing molecules, that might form a covalent bond to
the substrate via the heteroatom [20, 21]. The lateral interactions of such structures
are dominated by intermolecular dispersion forces, known as π-π-stacking. However,
such densely packed phases of upright standing molecules at metallic surfaces are
obtained more easily by using another class of molecules: thiols. In contrast to usually molecularly physisorbed aromatic systems, thiol molecules adsorb dissociatively
on noble metal surfaces. The S-H bond is cleaved and a true covalent bond between
the S atom the surface can be formed. As the chemical interaction between S and
Au is rather strong, reconstruction effects of the surface might accompany the S-H
bond breaking. When the diffusion barrier can be overcome, adsorbates interact
laterally on the surface, leading to submonolayer structures, such as the well-known
striped phase structure of alkanethiols (see e.g. Refs. [11, 12]). By a further increase
of the coverage van der Waals interactions between adsorbates start competing with
the van der Waals interactions between adsorbates and the substrate, which finally
results in upright standing SAMs [10–12].
Besides the extensive development of experimental methods, that led to the basic understanding of SAMs, there has also been a rapid progress in the theoretical
treatment of surfaces and adsorption phenomena in the last two decades [22]. Some
carefully chosen features of SAMs could be verified by means of ab initio methods,
i.e. methods that do not rely on any empirical parameters. In particular, the development of density functional theory methods contributed in a crucial way to the
success of calculational studies in the field of surface science.
Once validated by comparison to experiment, computational methods could not only
be used to explain experiment but might actually go beyond and make predictions.
Regrettably, so far, some significant properties of molecules adsorbed on surfaces
could not be reproduced by using standard ab initio methods [23], and so modelling
the adsorption and structure formation of organic molecules on inorganic surfaces
stays challenging. Currently available ab initio methods are either computationally
far too expensive to be applied to extended surfaces or too inaccurate to account
for van der Waals interactions that are assumed to play a crucial role both in the
interactions between (larger) molecules and surfaces and in the interactions between
adsorbates.
On the basis of density functional theory (DFT), possible ways out of this dilemma
are addressed by this thesis. It is organized as follows: After a thorough discussion
of the fundamental theories underlying current computational methods (chapter 2),
the physics of van der Waals forces are shortly reviewed (chapter 3), explaining
explicitly why modifications of contemporary methods are needed. Modern approaches to account for dispersion effects within DFT are introduced and applied to
both physisorbed structures of organic molecules (chapter 4) and chemisorbed sys3
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tems (chapter 5). For both types of adsorbed molecules, the concepts of structure
formation are studied and a detailed comparison to experimental results is drawn.
Finally, the main results are summarized and possible routes for further studies are
suggested (chapter 6).
Parts of this thesis have already been published: in detail, extracts of the chapters 3.3.2, 4.1, 4.2 and 4.3.2 can be found in Ref. [24], chapter 4.3.1 is released in
Ref. [25] and the results of chapter 5.3 are also written down in Ref. [26]. Figures
and excerpts have been reprinted with permission from the respective journals.
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Ab initio methods
This work aims to describe the interaction between molecules and surfaces theoretically and without any experimental input. Therefore ab initio methods are
applied. The starting point of any quantum mechanical calculation is, of course,
the many-body Schrödinger equation of the system built up by nuclei and electrons:
HΦ(R, r) = EΦ(R, r)

(2.1)

Here E is the total energy of the system and Φ(R, r) denotes the many-body wavefunction depending on both the position of the electrons (r) and the position of the
nuclei (R). The Hamiltonian H is set up by the operators of the kinetic energy of
the nuclei (Tnucl ), the kinetic energy of the electrons (Tel ) and the potential energy:
H = Tnucl + Tel + Vnucl−nucl + Vnucl−el + Vel−el

(2.2)

Since electrostatic interactions are the only fundamental interaction having a markable influence on the description of chemical problems, the operator of the potential
energy is given by the sum of the operators of the (electrostatic) repulsion between
nuclei (Vnucl−nucl ) and between electrons (Vel−el ), as well as the (electrostatic) attraction between nuclei and electrons (Vnucl−el ). Further effects (magnetism, relativity) might also play a role, but for the sake of clarity they will be here ignored.
Due to many-body effects equation (2.1) cannot be solved exactly. Approximations are necessary. This chapter shall give an introduction into basic ideas behind
the approximations used in quantum mechanics. An overview of the hierarchy of
approximations is shown in Figure 2.1.
The first and most fundamental approximation that is used in almost every quantum
mechanical calculation of systems where electronic excitations can be neglected, is
the Born-Oppenheimer or adiabatic approximation. Within that approximation the
motion of the electrons is decoupled from the motion of the nuclei. It originates
from the fact that nuclei are much heavier than electrons (e.g. the lightest nucleus,
the proton, is about 1840 times heavier than an electron). Thus, at the same kinetic
energy, electrons are two to three orders of magnitude faster than the nuclei. In
5
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Figure 2.1: Hierarchy of approximations used in quantum mechanical calculations

other words, electrons are able to adjust almost instantaneously to any changes
in the position of the nuclei. Hence, the full Hamiltonian can be spilt up in an
electronic and a nuclear Hamiltonian. In the electronic Hamiltonian, defined for
fixed nuclear coordinates Hel ({R}), the kinetic energy of the nuclei can be savely
neglected and the electrostatic repulsion between nuclei is considered to be constant.
Hel ({R}) = Tel + Vnucl−nucl + Vnucl−el + Vel−el

(2.3)

Consequently, an electronic Schrödinger equation can be formulated:
Hel ({R})Ψ (r, {R}) = Eel ({R})Ψ (r, {R})

(2.4)

Once it is solved for different positions of the nuclei, the eigenenergies Eel ({R})
set up the potential energy surface (PES) for the motion of the nuclei, which, in
turn, reveals many properties of the system. Binding energies and geometries, for
example, rely on the quality of this PES, i.e. the exactness of the eigenvalues of
equation (2.4). Solving the electronic Schrödinger equation is the field of electronic
structure theory and before proceeding in discussing how the properties of the system can be described on the basis of the PES of the nuclei, the types of electronic
structure calculations used within this work will be explained in the following section.

2.1

Electronic structure theory

Although an important simplification is introduced by the Born-Oppenheimer approximation, the electronic Schrödinger equation is still a differential equation depending on 3N degrees of freedom, where N denotes the number of electrons in the
6
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system. Due to the remaining electron-electron interaction, equation (2.4) is still
not separable and cannot be solved analytically. Furthermore, the large number of
variables prohibits the use of numerical schemes. Therefore, further simplifications
are needed. Two different types can be distinguished: wave-function based quantum
chemistry methods and a density-based theory.

2.1.1

Quantum chemistry methods

Quantum chemistry methods make use of an important mathematical concept of
approximating the solution of differential equations: the variation principle. The
Rayleigh-Ritz variational principle states, that the energy calculated from an approximation to the true wavefunction will always be greater than the true ground
state energy E0 , i.e.:
hΨ |Hel |Ψ i
E0 ≤
(2.5)
hΨ |Ψ i
Thus, the “best” wave-function is the one that minimizes the energy. This implies
that the expectation value of the Hamiltonian for a given trial wave-function has to
be optimized in order to get closer to the ground state energy. To make the expectation value of the Hamiltonian being a function of some undetermined parameters
instead of being a functional of the wavefunction a suitable mathematical form of
the wavefunction depending on unknown parameters has to be found.
As a first guess the many-electron wavefunction Ψ is approximated as product of
one-electron wavefunctions φi .
Ψ (r1 , .., rN ) =

N
Y

φi (ri )

(2.6)

i

The picture underlying this assumption is a system of N non-interacting electrons
with one-electron Schrödinger equations of the form


h̄2 2
h(i)φi = −
∇ + vext (ri ) φi = εi φi
(2.7)
2mi i
where vext (r) denotes the effective external one-particle potential which could for
example stem from the nuclei-electron interaction. Since the interactions between
the electrons are neglected the Hamiltonian of the whole system is just the sum
of the single particle Hamiltonians h(i). Thus, the product of the single particle
wavefunctions is an eigenfunction of the Hamiltonian of the whole system. This
ansatz for the wavefunction is called Hartree product. However, it has a crucial
drawback: the quantum mechanical nature of electrons is not accounted for. Being
fermions, electrons have to obey the antisymmetry principle (or Pauli exclusion
principle), that requires the total wavefunction to be antisymmetric with respect to
the interchange of any two electrons, such as:
Ψ (r1 , ..., ri , ..., rj , ..., rN ) = −Ψ (r1 , ..., rj , ..., ri , ..., rN )

(2.8)
7
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The simplest way of including the antisymmetry principle is by describing the manyelectron wavefunction as a Slater determinant of the single particle wavefunctions:
ψ1 (r1 σ1 ) ψ1 (r2 σ2 )
ψ2 (r1 σ1 ) ψ2 (r2 σ2 )
1
Ψ (r1 σ1 , .., rN σN ) = √
..
..
N!
.
.
ψN (r1 σ1 ) ψN (r2 σ2 )

···
···
..
.

ψ1 (rN σN )
ψ2 (rN σN )
..
.

(2.9)

· · · ψN (rN σN )

Therefore, spin orbitals ψi (ri , σi ) being defined as product of the spatial singleparticle wavefunctions φi (ri ) and a spin function denoting spin up and spin down
configurations have been introduced. Consequently, spin orbitals depend on both
the spatial coordinates (ri ) and the spin degree of freedom (σi ). However, since the
electronic Hamiltonian has no influence on the spin, the explicit dependency of the
single electron wavefunction on σi will be omitted in the following derivations for
the sake of simplicity.
Taking the ansatz for Ψ given in equation (2.9), the expectation value of the electronic Hamiltonian (2.3) is
hΨ |Hel |Ψ i =

N Z
X

3

d

rψi∗ (r)

i=1




h̄2 2
−
∇ + vext (r) ψi (r)
2m

N Z
e2
1 X
d3 rd3 r0
|ψi (r)|2 |ψj (r0 )|2 + Vnucl−nucl
+
2
|r − r0 |

(2.10)

i,j=1

N Z
1 X
e2
−
δσ σ ψ ∗ (r)ψi (r0 )ψj∗ (r0 )ψj (r)
d3 rd3 r0
2
|r − r0 | i j i
i,j=1

With the one-electron Hamiltonian h and by introducing the Coulomb operator
Z
e2
Jj = d3 r0
|ψj (r0 )|2
(2.11)
|r − r0 |
and the exchange operator
Z
Kj ψi (r) =


e2
∗ 0
0
d r
ψ (r )ψi (r ) ψj (r)δσi σj
|r − r0 | j
3 0

(2.12)

equation 2.10 can be written in a more compact form:
hΨ |Hel |Ψ i =

N
X
j

N

hψi |h|ψi i +

1X
(hψi |Jj |ψi i − hψi |Kj |ψi i) + Vnucl−nucl
2

(2.13)

i,j

The Coulomb operator represents the average local potential at r due to an electron
in ψj . Thus, its sum over all orbitals corresponds to the classical electrostatic potential of all electrons. It is already obtained if Ψ is approximated as Hartree product
8
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and therefore also called Hartree potential vH . Analogously, the corresponding energy term is called Hartree energy (or Coloumb integral). For the interaction energy
due to the exchange operator, there is no such classical equivalent. This so-called
exchange energy is a direct consequence of the ansatz for the wavefunction taking
the antisymmetry principle into account. One of its important consequences gets
obvious, when remembering that the electron is in an averaged electrostatic field of
all electrons: it actually also feels its own field. This implies an unphysical picture
of an electron repelling itself. However, by comparing equation 2.11 and equation
2.12, it can be easily seen, that in the expression for the total energy the diagonal
exchange term (hψi |Ki |ψi i) exactly cancels this artificial Coulomb self-interaction
(hψi |Ji |ψi i). Hence, the total energy is finally self-interaction free, which is one of
the main advantages of the Hartree-Fock theory compared to other theories, such
as the Hartree theory on the one hand, but also density functional theory on the
other hand.
Following now the Rayleigh-Ritz variational principle, hΨ |Hel |Ψ i is optimized with
respect to the normalized single particle wavefunctions. The constraint of normalization is accounted for using the Lagrangian method with εi being introduced as
Lagrange multiplier:
"
#
N
X
δ
hΨ |Hel |Ψ i −
(εi (1 − hψi |ψi i)) = 0
δψi∗

(2.14)

i=1

Finally, this leads to the so-called Hartree-Fock equations:


N


X
h+
(Jj − Kj ) ψi = εi ψi



(2.15)

j

It can be easily shown, that the eigenvalues of the Hartree-Fock equations, εi , indeed
represent the energy required to remove the electron of the spin orbital ψi from the
N-electron system while the other orbitals remain unchanged [27]. This is known as
Koopmans’ Theorem and allows the approximate calculation of ionization energies
and electron affinities. Still, the calculation of εi is not straitforward, because the
Coulomb (Jj ) and the exchange operator (Kj ) already depend on the eigenfunctions
ψi (r), i.e. on the solution of the Hartree-Fock equation (2.15). Hence, the HartreeFock equation is nonlinear and must be solved in an iterative fashion: starting with
an initial guess for the single-particle wave functions the single-particle Hamiltonian is calculated. Then, the Hartree-Fock equations are solved and a set of new
wavefunctions is obtained. These are used to recalculate the Hamiltonian, etc. The
cycle repeats until the change in the solution is smaller than a certain convergence
criterion. If this is the case, self-consistency is reached. Methods employing such a
self-consistency cycle are called self-consistent field (SCF) methods.
To sum up, the Hartree-Fock (HF) approximation essentially replaces the manyelectron problem by a one-electron problem in which the electron-electron repulsion
9
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is treated within an effective potential. The electron moves in an averaged potential of the all electrons, that is not influenced by the instantaneous position of the
electron. But in fact the electron repels other electrons in its vicinity and thus
influences the potential in which it moves. In other words, the electronic motion is
correlated. While the avoidance of electrons with the same spin is already included
in the HF approximation, leading to the exchange energy, the correlated motion of
electrons with opposite spin is neglected. Hence, an energy term, the so-called correlation energy, that actually lowers the total energy, is missing. Although electron
correlation often makes up only about 1% of the total energy for many molecules, it
is crucial in studies of chemical bonds or intermolecular interactions [22]. In particular the description of weak, dispersive interactions strongly depends on an accurate
representation of the electronic correlation, as it will be discussed in chapter 3.
There are different ways to go beyond the HF-approximation and incorporate correlation effects. Since all of the methods that will be presented in the following
paragraph are based on HF these methods are commonly called post-Hartree-Fock
methods.
Conceptually the simplest one is the configuration interaction (CI) method, which
is based on a more sophisticated approximation of the many-electron wavefunction
than the HF-wavefunction. Remind: in the Hartree-Fock method the many-electron
wavefunction of the ground state was assumed to be a single Slater determinant,
where the lowest N single particle states of a system of N electrons are occupied.
In fact this is only one of many possible determinants (also called configurations).
The other determinants may be derived with reference to the HF-determinant Ψ0 by
promoting electrons from the occupied orbitals to virtual orbitals that are created
on the fly by the HF-SCF cycle. These excited determinants can be seen to represent approximate excited states of the system. Eventually, the exact wavefunction
for any state of the system can be expressed as a linear combination of all of these
determinants:
X
X
X
rst
rs
(2.16)
Ψ = c0 Ψ0 +
crst
cra Ψar +
crs
abc Ψabc + ...
ab Ψab +
a,r

a<b
r<s

a<b<c
r<s<t

where Ψar denotes a singly excited determinant (i.e. configurations in which one
rs
electron is excited from the occupied orbital a to the unoccupied orbital r), Ψab
denotes a doubly excited determinant (i.e. configurations in which two electron are
excited from the occupied orbitals a and b to the unoccupied orbitals r and s) etc.
Similiar to HF, CI methods take advantage of the variational principle, in order to
determine the coefficients cra , crs
ab , ... and so on. In the limit of an infinite basis set,
the CI method using the wavefunction of all possible determinants (full CI) leads to
the exact solution of the electronic Schrödinger equation. Unfortunately the total
number of determinants is prohibitively large for all systems of chemical interest. To
end up at a computationally viable expense, the CI expansion of the wavefunction
has to be truncated at some excitation level. The main deficiency of truncated CI
methods is, that they are not size consistence, i.e. the energy of a non-interacting
10
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system containing N identical atoms or molecules is not equal to N times the energy
of one single atom or molecule of the system.
An alternative, size-consistent way to include virtually excited state is given by
the coupled cluster approximation (CCA). Within this theory the wavefunction is
obtained by applying the exponential form of the excitation operators on the HFwavefunction. Again, limiting the number of the excitations that are taken into
account is common practice. If e.g. only single (S) and double (D) excitations are
accounted for, the method is denoted CCSD:
(2.17)

ΨCCSD = exp(T1 + T2 )Ψ0
with
T1 =

X

cra a†r aa

and

1 X r † †
cab ar as ab aa
4

T2 =

a,b

(2.18)

a,b,r,s

where aa , ab remove occupied the spin orbitals from the HF wavefunction and a†r , a†s
insert the unoccupied spin orbitals. The method can be further improved by including triple(T) excitations. Since this is computationally rather demanding, triple
excitations are usually included pertubatively, leading to the acronym CCSD(T).
Finally, the simplest post-Hartree-Fock method, in terms of computational effort, is
based on a perturbative treatment of the correlation energy. In this approximation,
referred to as Møller-Plesset perturbation theory, the full electronic Hamiltonian
Hel is given as a sum of the HF-Hamiltonian (H0 ) and a perturbation operator (V )
that accounts for the correlation energy.
(2.19)

H = H0 + λV

By introducing the prefactor λ varying between 0 and 1, it is possible to gradually
improve the ansätze for the eigenfunctions Ψi and -values Ei . They can be expanded
in powers of λ:
X
(n)
Ψi =
λ n Ψi
(2.20)
n=0

Ei =

X

(n)

(2.21)

λn Ei

n=0

Using these definitions of the full Hamiltonian, the many-electron wavefunction and
the eigenvalues, the Schrödinger equation can be separated according to the order
of perturbation:
(0)
(0) (0)
zeroth − order : H0 Ψi = Ei Ψi
(2.22)
(1)

first − order :
second − order :

H0 Ψ i
(2)

H0 Ψi

(1)

+ V Ψi

(0)

+ V Ψi

(0)

(0)

(1)

= Ei Ψi
(2)

= Ei Ψi

(1)

(1)

(0)

(2.23)

+ Ei Ψi
(1)

+ Ei Ψi

(2)

(0)

+ Ei Ψi

(2.24)

Since the ground-state is of uppermost interest, the ground-state energies at different levels of perturbation are considered in the following paragraph. They are
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obtained by multplying equation (2.22)-(2.24) by Ψ00∗ from the left and subsequently
integrating the expression. Because Ψ00 is an eigenfunction of H0 , the zeroth order
energy corresponds to the sum of the HF-one-particle eigenvalues:
(0)

E0 =

X

(2.25)

εi

i=0
(1)

The first order energy shift E0

calculates as
(1)

E0 = hΨ00 |V |Ψ00 i

(2.26)

With the perturbation being defined as Coulomb operator, it can be easily seen,
(0)
(1)
that the sum of E0 and E0 just corresponds to the HF-energy. Thus, to truely
improve the HF-method at least second order perturbation (termed MP2) has to
be applied. In order to calculate the energy correction given by the second-order,
the wavefunction of the first-order correction is needed. It can be expressed as
(0)
superposition of eigenfunctions Ψj of the HF-Hamiltonian:
(1)

Ψ0

=

X

(1)

(0)

cj Ψj

(2.27)

j6=0
(0)

where Ψj contains single, double, etc. excitations from electrons of occupied
HF-orbitals to virtual ones. In fact, by applying Slater’s rules it can be shown,
that within MP2 only double excitations lead to non-vanishing integrals within the
second-order energy expression. Implying this simplification, the second-order energy is given as:
X |hΨ 0 |V |Ψ rs i|2
(2)
0
ab
E0 =
(2.28)
(0)
rs
E
−
E
a<b
0
ab
r<s

where the denominator corresponds simply to orbital energy differences:
(0)

rs
E0 − Eab
= εa + εb − ε r − εs

(2.29)

Of course, higher order perturbation theories exist and are also applied, being referred to as MP3, MP4 etc. One of the advantages of perturbative methods is their
size-consistency. On the other hand, there are crucial drawbacks of such methods,
such as they are not variable, thus energies lower than the actual ground state energy can be obtained. A further disadvantage -related to this work- is the divergent
behaviour for systems with closely lying orbitals. For example metallic systems,
having no band gap, would lead to a vanishing denominator of equation (2.28) and
thus lead to divergency (see chapter 3).
12
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2.1.2

Density functional theory (DFT)

An alternative electronic structure theory is given by the density functional theory
(DFT). Similiar to the Hartree-Fock ansatz, DFT solves single particle equations.
But in contrast to wavefunction-based quantum chemistry methods, DFT is based
on the electron density n(r), that is defined as sum over single particle states
n(r) =

N
X

|ψi (r)|2

(2.30)

i=1

The advantage is obvious: the complexity of dealing with the total wavefunction
depending on 3N coordinates is reduced to a problem depending only on three coordinates of the density, having a huge impact on the computational performance.
Strictly speaking, for systems consisting of a large number of electrons, electronic
structure calculations become only feasible on the basis of the electron density. The
idea of applying the electron density is originally going back to the early days of
quantum mechanics, namely to Thomas and Fermi, who suggested in the late 1920s
an approximate model that contains already some basic elements of modern density
functional theory [28]. However, only with the theorem of Hohenberg and Kohn, the
electron density could be related to the many-body wavefunction. In 1964, Hohenberg and Kohn showed that the external potential applied to a system of interacting
electrons is uniquely defined by the ground-state electron density of the system [29].
Thus, the Hamiltonian and therefore also the ground-state wavefunction and all
other properties are determined by the electron density. E.g. also the ground-state
energy can be expressed as a functional of the electron density
E[n] = Vext [n] + F [n]

(2.31)

with Vext [n] being the energy resulting from the electrons interacting with an external potential (usually determined by the nuclei-electron interaction) and F [n]
containing the kinetic energy of the interacting electrons and the potential energy
of the electron-electron interaction. Unfortunately, neither the form of the kinetic
energy of the interacting electrons nor the functional for the potential energy of the
electron-electron interaction is known.
To tackle this problem Kohn and Sham suggested to replace the many-body system
of interacting electrons in the external potential vext by a virtual many-body system
of non-interacting electrons in an effective potential vef f . This effective potential
is chosen in such a way, that the ground-state energy is the same for both systems.
Thus, the total energy can be rewritten as sum of the energies of the non-interacting
system (first and second term) and the energy due to the electron-electron interaction (third and fourth term):
E[n] = T [n] + Vext [n] + EH [n] + Exc [n]

(2.32)

where T [n] denotes the kinetic energy functional for non-interacting electrons and
Vext [n] is the energy functional due to the interaction with the external potential.
13
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The energy resulting from the electron-electron interaction is divided into the energy
functional of the classical Coulomb interaction EH [n] and a term called exchangecorrelation functional Exc [n]. The term Exc [n] contains all missing contributions to
the total energies, i.e. all quantum mechanical effects of the interacting electrons.
Besides the actual exchange and correlation of the electrons it also includes the difference between the real kinetic energy of the interacting electrons and the kinetic
energy of non-interacting electrons Ekin,s .
The second Hohenberg-Kohn theorem implies that there is also a variational principle with respect to the energy functional of the electron density. Accordingly, the
ground state energy and density is obtained by minimizing the total energy under
the constraint of particle conservation:

Z

δ E[n] − µ
n(r)d3 r − N
= 0,
(2.33)
which leads to

δE[n]
δT [n]
=
+ vef f (r) = µ
δn
δn

(2.34)

vef f (r) = vext (r) + vH (r) + vxc (r).

(2.35)

with

The exchange-correlation potential vxc (r) is defined as functional derivative of the
unknown exchange-correlation functional Exc [n].
Unfortunately the exact form of the kinetic energy functional is not known either,
but in terms of single particle states the kinetic energy of non-interacting electrons
can be expressed easily.
So, the Schrödinger equation is divided in single particle equations and the relation
between the single particle states and the electron density given in equation (2.30) is
used. The variation of equation (2.32) is performed with respect to the one-particle
wavefunctions under the constraint of normalized ψi . This way, one ends up with
the so-called Kohn-Sham (KS) equations:


h̄2 2
−
∇ + vef f (r) ψi = εi ψi
(2.36)
2m
Analogously to the HF-equations, the KS-equations can only be solved iteratively
and a similiar SCF-scheme as introduced for the HF-equation is applied to solve
them. However, contrary to one-particle Schrödinger equations, εi are formally not
eigenvalues of the electronic states. They are rather introduced as Lagrange multipliers into the system and can be seen as derivative of the total energy with respect
to the corresponding occupation number (Janak theorem), which again shows their
relation to experimental ionization energies [30].
Crucial for the success of DFT is the expression for the unknown exchange-correlation
functional. There are different approximations for this functional, the simplest of
them is based on the exchange-correlation energy of a system with a constant electron density (the homogeneous electron gas), which can be calculated rather exactly
14
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using quantum Monte Carlo methods. This approximation, called local density approximation (LDA), replaces the real exchange-correlation energy at any distinct
point in space by the exchange-correlation energy of the homogeneous electron gas
with the same electron density as at that particular point. In this way, LDA applies the exchange-correlation energy of the homogeneous electron gas also for nonhomogeneous systems:
Z
LDA
Exc [n] = d3 rn(r)εhomo
(n(r))
(2.37)
xc
Here, the actual non-local nature of the true exchange-correlation functional is completely neglected. Despite its crude assumption, LDA has been surprisingly successful for many solid-state problems, probably due to a lucky cancellation of errors [22].
However, due to its nature being far from reality for molecules in the gas phase,
for example, LDA fails and leads to an overestimation of binding energies. An improvement is achieved by the so-called generalized gradient approximation (GGA),
that does not only account for the density at a certain place, but also includes its
derivative:
Z
GGA
Exc [n] = d3 rn(r)εxc (n(r), |∇(n(r))|)
(2.38)
Since using the gradient of the density includes the properties of the density in the
close vicinity, GGA functionals are so-called semi-local density functionals. Different
flavours of GGA functionals exist, some of them determine unknown parameters
by fitting to experimental data, others are purely theoretically derived. Most of
this work, is based on the non-empirical GGA functional of Perdew, Burke and
Ernzerhof (PBE) [31]. Although GGA functionals achieve chemical accuracy for
many (carefully chosen) systems, there are some fundamental drawbacks. Since the
functionals are usually not designed for cancelling the self-interaction error (or in
analogy the delocalisation error for many-electron systems), band gaps and reaction
barriers are underestimated [32]. Another crucial drawback, when dealing with
systems interacting via dispersion is the semi-local nature of the GGA functionals.
As it will be discussed in chapter 3, dispersive interaction are non-local phenomena,
that are not included in common GGA functionals.
Thus, density functionals beyond GGA have been developed. But in contrast to
quantum chemistry methods, there is no systematic way to improve the exchangecorrelation functionals. Perdew introduced a Jacob’s ladder which allows at least
to catagorize the zoo of density functionals, but there is no guarantee that climbing
up the ladder really does improve certain properties of a given system.
The first and the second rung of the Jacob’s ladder are represented by the LDA
and GGA functionals. The third rung corresponds to an logical extension of GGA
functionals leading to so-called meta-GGA functionals that apart from the gradient
of the density also account for the second derivative of the electron density (i.e. the
kinetic energy or Laplacian). At the fourth rung, so-called hybrid or hyper-GGA
functionals mix exact exchange with common GGA functionals. This way, the selfinteraction error can be reduced, because, as shown earlier, the HF exchange (exact
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exchange) cancels the self-interaction completely. A popular example for a hybrid
functional is B3LYP [33]. As it is an empirical functional, it yields rather accurate
results for molecular systems being similiar to those it has been fitted for, but for
periodic systems, such as metals, it performs rather worse than purely non-empirical
GGA functionals do. Finally, the fifth rung of the Jacob’s ladder tries to reach the
divine functional by keeping the exact exchange and improving the calculation of the
correlation [34]. This might be achieved by including also virtual orbitals, similiar
to what is done in the random phase approximation.
In principle, this should improve the description of van der Waals interactions.
However, as it will lead to methods that are in their expense again comparable to
post-Hartree-Fock methods [30], other ways to account for van der Waals interactions in extended systems have to be found. Suggestions made so far are shortly
introduced in chapter 3.

2.1.3

Basis sets

Both for quantum chemistry methods and DFT, the spin orbitals of polyatomic
systems, so-called molecular orbitals (MO), are mostly approximated as a linear
combination of a set of known functions, also denoted as basis functions, whose
coefficients are determined according to the variational principle.
Depending on the kind of system being studied, different forms of basis functions
might be used: while a combination of atom-centered functions (atomic orbitals)
might be an intuitive choice for molecules (linear combination of atomic orbitals
(LCAO)), other many-electron systems, e.g. bulk metals or surfaces, are usually
described by functions, that fit the periodic nature of the structures, such as plane
waves.
Atomic orbitals (AO)
The atomic orbitals χµ that are often used as basis functions in the linear expansion
of the MOs
K
X
ψi =
Cµi χµ
(2.39)
µ=1

are themselves expanded within a suitable basis. Among a pool of many different
kinds of basis functions that are mathematically possible, actually, only two different
kinds of basis functions are used in such expansions: Slater-type functions (STFs,
or also denoted as Slater-type orbitals, STOs),
F
χST
= nYlm (θ, φ)rn−1 e−ζr
µ

(2.40)

and Gaussian type functions (GTFs)
2

F
χGT
= nYlm (θ, φ)r2n−l−2 e−ζr .
µ
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Due to their similiarity to the AOs of the hydrogen atom, STFs seem to be the
natural choice for the basis functions. They reproduce the asymptotic behaviour,
both at the nucleus and at large distances, more accurately and thus less STFs than
GTFs are necessary for the expansion of the MO to reach comparable accuracy.
However, in order to solve e.g. the HF equations, many two-electron integrals have
to be calculated. Their evaluation can be done analytically, and hence much more
efficiently, if GTFs are used. A possible way out of the dilemma, that STFs are very
difficult -if not impossible- to integrate, whereas GTFs do not reveal the correct
functional behaviour of MOs, is to use a linear combination of several (L) primitive
Gaussian functions to approximate one single STO:
F
χCGT
=
µ

L
X

F
diµ χGT
(αiµ )
i

(2.42)

i=1

The coefficients diµ and the exponents αiµ are pre-determined by a least-squares
fitting procedure, to achieve an optimal agreement with the STF. Mostly, these
parameters are kept constant during the quantum chemical calculation in order to
reduce the computational costs. Nowadays, these so-called contracted Gaussian
F are used in all standard basis sets.
functions χCGT
µ
Different basis sets are in first place distinguished depending on the number of used
functions: a minimal basis set uses just one basis function for each filled AO. It might
be useful for the qualitative description of large system, as the essentials of chemicals bonds are revealed, but it obviously cannot give quantitatively accurate results
due to its restriction to very few basis functions. Improvements can be achieved,
if multiples of the number of functions of the minimal basis set are involved, such
as in double, triple, quadrupol ... zeta basis sets. As core electrons hardly affect
chemical properties, they might be described by less basis functions than valence
electrons. This has been accounted for by introducing so-called split valence basis
sets. E.g. the popular basis set 6-31G of Pople et al. [35–39] doubles the functions
used for the valence electrons, whereas the minimal basis set is used for the core
electrons. In detail, this basis set uses one contracted Gaussian function of 6 primitive Gaussians to represent one AO of the core electrons. The first basis function of
the two contracted Gaussian functions used to represent one AO of the valence electrons is composed of 3 primitive Gaussian functions, while the second basis function
uses only 1 primitive Gaussian. However, only multiplying the number of functions
for the representation of an AO, completely neglects the fact, that the charge distribution about an atom in a molecule is actually distorted, i.e. polarized, compared
to the isolated atom. This problem is commonly circumvented by mixing functions
of higher angular momentum quantum numbers, so-called polarisation functions.
That means, for second row elements d-type functions (in Pople’s basis sets labelled
as * or (d)) and additionally, for hydrogen atoms p-type functions can be added
(which is denoted by an additional asterix ** or (d,p)). A further problem occurs,
if anions or molecules with lone electron pairs are studied. There, the electronic
contribution far away from the nucleus is important, but not yet accounted for in
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polarized basis sets. Hence, diffuse functions with small exponents are introduced.
Such functions are still significant at large distances from the nucleus and can help
to describe chemically soft systems more accurately. In the basis set notation of
Pople, diffuse functions on heavy elements are assigned by +. A second plus (++)
indicates that diffuse functions are also applied on hydrogen atoms.
In addition to the already introduced series of basis sets of Pople [35–41], so-called
correlation-consistent polarized basis sets (cc-pVXZ, where X=D,T,Q ... denotes
double, triple, quadrupol ... zeta basis sets) of Dunning and coworkers [42, 43]
achieved high popularity in accurate quantum chemical calculations, as this series
of basis sets increases in a systematic way and thus extrapolation to complete basis
set limit gets feasible. These basis sets are constructed in a slightly different fashion
and a larger amount of polarisation functions are intrinsically included on all atoms
to capture the correlation energy of the valence electrons. Furthermore, diffuse
functions can be added (denoted via the prefix aug-).
As the basis set is never complete and the reference energy is not well defined
either, absolute energies are not useful at all, and usually relative energies, such as
adsorption energies or interaction energies between several molecules are calculated
and compared. However, when dealing with localised basis sets the calculation of
such interaction energies is erroneous: within a system of two molecules (A + B),
the 1st molecule (A) might use basis functions of the 2nd molecule (B) which leads
to an artificially increased basis set for the individual molecules in the total system.
This lowers the energy of the total system and when this energy is referred to
the energies of the isolated systems (E(A)a and E(B)b ) where no such an artifical
increase of the basis set can take place, the relative interaction energy of A and B is
overestimated. This effect is called basis set superposition error (BSSE). To avoid
this spurios stabilization either a very large basis set has to be applied or the BSSE
has to be estimated. A famous approximative way to account for the BSSE has been
developed by Boys et. al. and is commonly known as counterpoise correction [44]:
Within that method the energies of the isolated molecules are also calculated using
the extended basis set the molecules experience in the total system. The BSSE can
then be estimated as:
EBSSE ≈ E(A)ab + E(B)ab − E(A)a − E(B)b

(2.43)

where E(A)ab (resp. E(B)ab ) denotes the energy of the isolated molecule A (B) in
the basis set of the total system (ab). In order to calculate E(A)ab (resp. E(B)ab )
the basis functions of B (A) are located at the corresponding nuclear positions of
B (A) in the complex but without the nuclei of B (A) being present.
Plane waves
A different form of the single-particle wavefunctions has been developed in the field
of solid state physics, dealing with periodic systems, such as crystals or surfaces. Due
to the periodic property of their effective potential in the one-electron Schrödinger
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equation (or KS-equation), the eigenfunctions of such systems can be given as product of a plane wave eikr and a function uk (r) that exhibits the periodicity of the
system. This is commonly known as Bloch theorem.
ψj,k (r) = uj,k (r)eikr

(2.44)

Since uk (r) has to show the symmetry of the system, it can be expanded in the
basis of plane waves described by the reciprocal lattice vector G:
X
cj,G+k eiGr
(2.45)
uj,k (r) =
G

Hence, the one-electron wavefunction can be expressed as
X
cj,G+k ei(G+k)r
ψj,k (r) =

(2.46)

G

where k is a vector within the first Brillouin zone. Again, the coefficients cj,G+k are
obtained by solving the KS-equations. In practice, this is done by taking advantage
of the simple form of the fourier transformed KS-equations:

X  h̄2
2
0
−
|G + k| δGG0 + vef f (G − G ) cj,G0 +k = εj (k)cj,G+k
(2.47)
2m
0
G

The transformation into the reciprocal space reveals the main advantage of using
plane waves for extended periodic systems. The problem of solving a system with
an infinite number of orbitals could be transferred to an issue of a finite system
restricted to the Brillouin zone. However, there are two problems remaining: in
principle, both the number of the reciprocal lattice vectors G and the number of
allowed wave vectors k is infinite as well. Nevertheless, these issues can be tackled
more easily than dealing with an infinite number of electrons explicitly, as it would
be the case if atom centered wave functions were employed.
First, the infinite expansion of the wavefunction (2.46) is restricted. As it is physically reasonable to assume that wavefunctions with lower kinetic energy are more
important, the truncation is usually done by including only those plane waves whose
kinetic energy is lower than a certain value, the so-called cutoff energy:
Ecutoff =

h̄2
|k + Gcutoff |2 .
2m

(2.48)

The actual value of Ecutoff can be determined by careful convergency studies.
Besides, due to the Fourier transformation into the reciprocal space, the eigenenergies εj (k) became a function of the wave vector k. Consequently, to obtain the
total energy of the system, the sum over the KS eigenenergies has to be replaced by
the sum over so-called band energies, that are integrals over the first Brillouin zone
(BZ):
X
X V Z
εi −→
d3 kεj (k)
(2.49)
(2π)3 BZ
i

j
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Fortunately, as ε(k) is a continous, slowly varying function, the integral can be
approximated by a weighted sum over a finite number of distinct k-points. The
k-points are either equally spaced or chosen in a special way that makes use of
the specifc symmetry of the system [45]. Solutions can be systematically improved
by increasing the number of k-points until a converged value of the total energy is
obtained. Regarding metallic systems, the convergence of this sum is, however, very
slow due to the discontinuity in the occupation function at the Fermi level. To overcome this problem, a smoother function is used instead of the sharp step function.
This way, the discontinuity at the Fermi level is smeared out and partial occupancies are introduced, making the function continous and integrable using standard
numerical methods. The width of such a smearing function can be controlled by a
parameter σ, that for some smearing methods might be interpreted as temperature.
Despite the truncation of the wavefunction introduced by equation (2.48), allelectron calculations using plane waves still need a large number of functions. This
is due to the requirement, that wavefunctions of valence electrons have to be orthogonal to wavefunctions of core electrons. As core electrons are strongly localised,
wavefunctions of valence electrons show rapid oscillations near the atomic nuclei.
The oscillations lead to large kinetic energies and thus a rather large number of
plane waves is needed to model such a behaviour. Therefore, plane waves are usually used in connection with so-called pseudopotentials, that will be described in
the next section.

2.1.4

Pseudopotentials - Effective Core Potentials

Obviously, the larger the number of electrons that have to be accounted for, the
more expensive the electronic structure calculation gets, no matter which kind of
basis functions (atomic orbitals or plane waves) is used for the expansion of the
MOs. This way, systems including many heavy elements seem to be computationally too expensive for electronic structure calculations. Additionally, relativistic
effects start playing a crucial role, when heavy elements are studied. Both problems
can be tackled by making use of the fact, that electrons involved in chemical reactions or interactions are predominantly valence electrons. Thus, a separation of the
core and the valence electrons can be done, and the core electrons need not to be
treated explicitly any longer. They are rather modelled by replacing the true external potential of the electron-nucleus interaction by a weaker one, that additionally
accounts for the screening effect of these inner electrons. Such a potential is called
effective core potential (ECP) within the chemical community or pseudopotential
(PP) among physists who accommodate that it is no genuine potential, as it is no
more a local operator and depends on the energy. On the basis of an all-electron
calculation for an isolated atom, the pseudopotential is designed in such a way, that
the true wavefunction of the valence electrons is replaced by a pseudo-wavefunction
which reveals the exact behaviour in the outer region, but does not have to retain
the expensive nodal structure in the core region, as the requirement of orthogonality
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between states of valence electrons and core electrons needs not to be fulfilled any
more. Employing pseudopotentials is not only computationally much more efficient
than using all-electron methods, but they also offer the possibility to incorporate
(scalar) relativistic effects intrinsically, without having to solve Dirac-equations. Because the way of constructing PPs is not unique, many different PPs/ECPs exist.
For basis sets consisting of Gaussian functions, usually used with quantum chemistry
methods in order to model molecules, the ECP will be constructed with the same
type of functions. The extent of the ECP is given by the number of electrons that
are included in the ECP leading to large (few valence electrons remaining) and small
core (many valence electrons remaining) ECPs. Popular large core ECPs have been
developed at the Los Alamos National Laboratory (LANL) [46–48] or by Dolg and
Stoll leading to the so-called Stuttgart-Dresden ECPs [49].
In the framework of plane wave basis sets, the extent of the PP is determined by
a certain distance (rc ) from the nucleus. Within that distance, the potential is
described by simple mathematical functions (polynomial or Bessel functions). The
pseudowavefunctions of the valence electrons, still made up by plane waves, are,
as mentioned before, required to reflect the behaviour at r > rc . Furthermore, at
r = rc the 1st and 2nd derivative of the pseudowavefunction should coincide with
those of the true wavefunction. Depending on the position of rc , hard (small rc ) and
soft (large rc ) PP are distinguished. Evidently, the larger rc , the less plane waves
are needed to model the outer region (r > rc ). Thus, soft PPs are computationally more efficient, but when being too soft, PPs suffer the loss of transferability
between different atomic environments. As some freedom to choose the form of
the pseudowavefunction inside rc is left, further requirements can be introduced.
One desireable property of the pseudowavefunction not accounted for so far, is to
have them in a normalized fashion. Hamann, Schlueter and Chiang suggested to
require additionally, that the integral of the pseudowavefunction in the region r < rc
matches the corresponding integral of the true wavefunction, i.e. that the norm of
the wavefunction is conserved. However, this leads to rather hard pseudopotentials
(norm-conserving PP) for first row elements. In order to obtain very efficient PPs,
Vanderbilt neglected this constraint. His ultrasoft PP yield the correct charge density by augmenting the core region with additional charges. Finally, in a related
method, the projected augmented wave method (PAW) [50, 51], an all-electron description at the expense of a pseudopotential calculation is achieved. Within this
method the true wavefunction is mapped onto auxillary functions based on frozen
core orbitals. By means of these projected functions all relevant properties can be
calculated and finally the true wavefunction is recovered.

2.1.5

Technical details for electronic structure calculations employed in this work

Within this work periodic DFT calculations have been performed on the basis
of plane waves using the Vienna ab initio simulation package (VASP) [52, 53].
Electron-electron exchange and correlation interactions have been described within
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the generalized gradient approximation (GGA) by employing the Perdew, Burke
and Ernzerhof (PBE) functional [54] if not stated otherwise. In order to account
for electron-ion interactions, the projector augmented wave (PAW) method [50, 51]
has been used. The electronic one-particle wave functions were expanded in a plane
wave basis set up to an energy cut-off of 400 eV, which for most systems turned out
to be sufficient.
If isolated systems are to be calculated, the periodic boundary conditions of the implementation requires the introduction of a sufficient region of vacuum surrounding
the atom or molecule to prevent interactions with neighbouring images. Therefore,
large unit cells with dimensions about (20 Å×21 Å×22 Å) have been employed. In
a similar fashion, this supercell approach is also applied for surfaces, that are constructed as a slab consisting of five atomic layers. In lateral directions the advantage
of periodic boundary conditions is used and in the direction perpendicular to the
surface a vacuum region of 15 Å to 25 Å, depending on the size of the adsorbate,
has been introduced. Different molecular coverages on surfaces have been realized
by employing different unit cells of the overlayer structure.
For the integration over the first Brillouin zone a Methfessel-Paxton smearing of
0.1 eV was employed for the metallic systems. Depending on the lateral dimensions
of the unit cell, the number of special k-points [45] has to be adjusted. Table 2.1
summarizes the respective Monkhorst-Pack k-point meshes used in this work, as
they were found to yield converged adsorption energies. Isolated molecules in the
gas phase were treated using the Γ-point only and a Gaussian smearing of 0.1 eV.
Convergency studies concerning the cutoff energy, the number of k-points, the size
of the slab or the dimension of the supercell are shown in Appendix A.
Quantum chemical calculations and DFT calculations on the basis of atomic orbitals
were done using the GAUSSIAN03 code [55]. In most examples of this work it was
necessary to employ the augmented correlation consistent triple zeta basis set of
Dunning et al. to obtain converged results. For metallic atoms different effective
core potentials have been used. Further details will be given along with the results
of the respective calculations.

Table 2.1: Different surface unit cells and the corresponding Monkhorst-Pack k-point
mesh used for the integration over the first Brillouin zone.
surface unit cell
Monkhorst-Pack k-point mesh
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(3 × 3)
(4 × 4 × 1)

(3 × 2)
(4 × 9 × 1)

√
(3 × 3)rect
(4 × 9 × 1)

√
√
( 3 × 3)
(9 × 9 × 1)
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2.2

Exploring the Potential Energy Surface

Having solved the electronic Schrödinger equation (2.4) for different positions of the
nuclei, either by quantum chemistry methods or by DFT, the resulting PES needs
to be analysed.
Of special interest are minimum points of the PES, since they represent stable
states of the system. In order to find these energetic minima different optimization
algorithms can be used. The most popular ones apply derivatives of the PES, that
are related to the forces acting on the ions:
FI = −

∂
Eel ({R})
∂RI

(2.50)

While the derivatives of the PES can be evaluated analytically for Gaussian type
basis sets, a common alternative is to calculate the forces according to the HellmannFeynmann theorem:
∂
hΨ (r, {R})|Hel ({R})|Ψ (r, {R})i
∂RI
∂
= −hΨ (r, {R})|
Hel ({R})|Ψ (r, {R})i
∂RI

FI = −

(2.51)

By consecutively evaluating these forces and moving each atom in response to the
force acting on it, the energy of the system will be continuously lowered until an
appropriate convergence criterion (e.g. in this work: forces smaller than 0.01 eV/Å)
is reached. A widely used example of such first-order minimisation methods is the
conjugate gradient algorithm, that requires the first derivatives (i.e. the gradients)
of successive steps to be orthogonal, but the corresponding direction of the atomic
movement should be conjugate. This ensures a robust behaviour for difficult relaxation problems of structures being far from the minimum position. Using this
optimization algorithm the geometry of adsorption complexes was obtained in this
work. Thereby all atoms of the adsorbate and the metal atoms of two uppermost
layers of the surface were allowed to relax. The layer spacing of the lower layers
were taken from the theoretical lattice parameters calculated for bulk metals (see
Appendix B).
Once determined, stable structures can be compared to experimental observables.
For example binding or adsorption energies can often be related to energies deduced
from calorimetric studies or thermal desorption experiments. In this work, the
adsorption energy of molecules on surfaces plays a crucial role and it is defined as
Ead = Etot − (Esurf + Emol )

(2.52)

where Etot , Esurf and Emol are the total energy of the relaxed adsorption complex,
the energy of the clean surface and the energy of the isolated molecule, respectively.
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Interaction energies between molecules are defined analogously.
One of the main advantages of simulations based on electronic structure calculations
is their insight into the electronic properties of the system, which are reflected by
the density of states (DOS), i.e. the (averaged) number of states per energy interval.
As the density of states depends on the actual position, the spatially resolved local
density of states (LDOS)
X
nLDOS (r, E) =
|ψi (r)|2 δ(E − εi )
(2.53)
i

is often more useful to explain local binding properties [22]. Here, ψi and εi denote
the Kohn-Sham orbitals and the corresponding energy eigenvalues, respectively.
Obviously, when summing over all occupied orbitals of the system, the global density
of states is retained, if the LDOS is integrated over the whole space. On the other
hand, integrating the LDOS over a certain energy range leads to the corresponding
(partial) charge density.
A further refinement of the LDOS is obtained by projecting the LDOS onto particular atomic wavefunctions (χa (r)):
X
nP DOS (r, E) =
|hψi (r)|χa (r)i|2 δ(E − εi )
(2.54)
i

This way, the impact of different atomic orbitals on the binding situation can be
illustrated.
In surface science experiments, information about the electronic structure of stable surface structures on conducting materials can e.g. be assessed by scanning
tunnelling microscopy (STM). This way, comparison to electronic structure calculations is possible. Simulations of STM-images are often used to confirm structural
proposals deduced from experiment or even to interpret experimental STM-images
as the relation between the electronic and the geometrical structure might not be
straightforward [22]. In the simplest approximation, STM-images can be modelled
within the Tersoff-Hamann picture [57, 58], that neglects the influence of the tip on
the tunnelling current and assumes the measured current to be solely proportional
to the local density of states of the surface at a certain distance above the surface.
Therefore, constant-current images are simulated by an isosurface of the LDOS integrated between the Fermi energy of the system and the sample bias. The particular
isosurface is chosen in a way that its distance to the surface is in the range of typical experimental tip-surface distances. Figure 2.2a shows that isosurface values of
about 10−7 to 10−5 e/Å3 are located a few Å above the uppermost atom and thus
seem to be a reasonable choice. Besides, their height profiles are very similar to the
experimentally measured height modulation of the tip [56].
Further information about the electronic structure is experimentally amenable by
measuring the work function. It is defined as the energy needed to remove an
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Figure 2.2: Taking the adsorption of benzylmercaptan on Au(111) as an example, panel
(a) depicts different isosurfaces of the partial charge obtained by an integration of the
LDOS between the Fermi energy (EF ) and the experimental sample bias (EF − Vsample ,
here: Vsample =0.7 eV [56]). The isovalues are given in e/Å3 . In (b) simulated IR-spectra
of an isolated benzylmercaptan molecule are shown. The upper panel reveals a spectrum
where analytical second derviatives derived from calculations with a gaussian-type basis set
(cc-pVTZ) as implemented in the GAUSSIAN03 programm package have been used. The
IR-spectrum in the lower panel has been obtained by using plane waves in connection with
the method of finite differences as implemented in VASP.

electron from the solid to a distinct point outside the solid. That distinct point is
far beyond the range of image forces, but close in comparison to the lateral extent of
the surface [59]. Consequently, in DFT-calculations, carried out at the atomic scale,
the work function (φ) can be calculcated as difference between the local electrostatic
potential energy of the vacuum (Evac ) and the Fermi energy (EF ):
φ = Evac − EF

(2.55)

As this energy difference depends on the dipole moment present at the surface, it is
evidently sensitive to the presence or absence of any adsorbates. Hence, the work
function change due to adsorption is a valueable tool to characterize the interfacial
dipole, that is crucial for the transport of charge carriers at the interface. Within
this thesis, the comparison of measured and calculated work function changes will
mainly serve as further benchmark for different methods. In order to obtain accurate work functions in periodic DFT-calculations, the artificial interaction between
periodic images of dipole moments due to asymmetric slabs is compensated by the
introduction of an opposing dipole sheet in the middle of the vacuum gap [60].
However, not only the geometry or energy of stable structures, but also the curvature
of the PES around the minimum position, that is described by the so-called Hessian
or force constant matrix, is of crucial interest, as it determines the energy needed
to excite vibrations of the molecule. This relation allows a comparison of calculational results to the experimentally valuable tools of vibrational spectroscopy, which
actually gained increased popularity in the field of surface science by the introduc25
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tion of surface sensitive methods such as infrared reflection absorption spectroscopy
(IRRAS), surface enhanced Raman spectroscopy (SERS), inelastic tunnelling spectroscopy (IETS) or high resolution electron energy loss spectroscopy (HREELS).
Computationally, vibrational frequencies and normal modes can be modelled on
the basis of the second derivatives of the electronic energy using the harmonic approximation. If second derivatives cannot be obtained analytically, they may be
calculated by finite differences of the first derivative of the electronic energy. Therefore, all N atoms of the system are subsequently displaced by a small distance d
(here: d = ±0.02Å) along all three spatial cartesian coordinates and from the differences of the resulting restorting forces on the atoms the Hessian matrix is set up
and diagonalized. According to Fermi’s Golden Rule and within the electric dipole
approximation, the transition probability and thus the intensity Ii of the interaction of radiation with molecules is proportional to the square of the transition dipole
moment (see e.g. Ref. [61])
(2.56)

Ii ∝ |hΦfinal |µ(qi )|Φinitial i|2 .

With the help of a Taylor expansion for the dipole moment µ(qi ), it is easy to
show [62], that IR intensities can be related to the square of the derivative of the
dipole moment with respect to normal coordinates qi :
∂µ
Ii ∝
∂qi

2

=


3 
X
∂µν 2
ν=1

(2.57)

∂qi

The νth component of the derivative of the dipole moment with respect to the
normal mode coordinate (qi ) can be calculated from the corresponding components
of the dipole moment derivatives with respect to cartesian coordinates xτ with
τ = 1, 2, 3 by a change of the basis [63, 64]:
N X
3
(α)
X
∂µν
∂µν
=
z
∂qi
∂xτ i,3(α−1)+τ

(2.58)

α=1 τ =1

(α)

ν
where zi,3(α−1)+τ represents the elements of the ith eigenvector and ∂µ
∂xτ is evaluated
as change of the dipole moment due to the displacement of the αth atom:

(α)

(α)

µν (xτ
∂µν
=
∂xτ

(α)

+ d) − µν (xτ
2d

− d)

.

(2.59)

In case of isolated molecules, calculated in a box surrounded by a sufficient volume
of vacuum, the dipole moment µν along all three spatial coordinates is considered
(ν = 1, 2, 3). Concerning adsorbed molecules, only the dipole moment component
along the surface normal is taken into account (ν = 3), since the dipole moment
components parallel to the metallic surface are extinguished by screening effects
and thus cannot contribute to the probability of the spectroscopic transition (surface
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selection rule). At the same time, this procedure circumvents the problem of defining
a dipole moment in a periodic system.
As shown in Figure 2.2b), on the example of an isolated benzylmercaptan molecule,
the IR spectrum simulated with the finite difference method compares very well to
the IR spectrum calculated with analytical second derivatives of the potential energy surface. Additionally, the agreement to the experimental IR spectrum of bulk
benzylmercaptan [65] is surprisingly good. However, the latter agreement might
only be due to a lucky cancellation of errors: on the one hand PBE often fails in
describing binding within molecules and on the other hand the anharmonic nature
of vibrations is neglected.
Although based on quite a different excitation mechanism, the intensity of HREELz
spectra acquired in the specular mode can also be calculated with the help of ∂µ
∂qi , as
the main contribution to the intensity stems from the dipole scattering mechanism.
Following Ref. [66] the intensities Iloss of the energy losses relative to the elastic
peak, can be obtained by:


 
1
∂µz 2 1
θc
Iloss
2
∝ (1 − 2θE )
Fi
(2.60)
Ielastic
∂qi
νi
θE
with

Fi

θc
θE



= (sin2 θI − 2 cos2 θI )

(θc /θE )2
+ (1 + cos2 θI ) ln(1 + (θc /θE )2 )
1 + (θc /θE )2

and θE = hνi /2EI .
EI is the initial energy and θI the incident angle of the electron beam, while θc
denotes the acceptance angle of the spectrometer. These values have been assigned
to typical experimental values (EI =3 eV, θI =65°, θI =5° [67]). Thus, in the dipole
scattering regime, both EELS and IRRAS probe the same optical properties of the
surface. However, the main advantage of HREELS can be seen from the factor ν −1
in equation (2.60): HREELS puts more weight on lower frequencies and is thus
more sensitive for low frequency modes than IRRAS [68]. These modes are important in order to distinguish between different adsorption sites of molecules on
surfaces [69, 70].
In order to allow better comparison with experiments both final IR- and EELSspectra have been convoluted with Gaussian functions, having a full width at half
maximum of 4 cm−1 .
Finally, on the basis of the PES, the atomic motion can be monitored directly. Neglecting quantum effects, the atomic motion can be described by classical equations
of motions, such as Newton’s equation of motion
MI

∂2
∂
RI = −∇Eel ({R}) = −
Eel ({R}).
2
∂t
∂RI

(2.61)
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The integration of equation (2.61) can be done numerically, using for example the
simple Verlet algorithm
RI (t + ∆t) = 2RI (t) − RI (t − ∆t) +

FI (t) 2
∆t + O(∆t4 ).
MI

(2.62)

Velocities, mandatory to determine the kinetic energy, do not appear explicitly in
the Verlet algorithm, but they can be approximated:
VI (t) =

RI (t + ∆t) − RI (t − ∆t)
.
2∆t

(2.63)

Additionally, a fixed time step ∆t is compulsatory for such a finite difference method.
Though there are no strict regulations that determine the value of the time step, as
a rule of thumb it is taken to be one tenth of the shortest vibrational period [71].
Thus, considering e.g. organic molecules a time step of 1 fs seems to be a reasonable
choice.
This way of obtaining trajectories of nuclear motions is called classical Born-Oppenheimer ab initio molecular dynamics (AIMD). The simulations are usually done
under the constraint of keeping the number of particles, the volume and the energy
constant (NVE or microcanonical ensemble). Typical starting conditions are the
global minimum of the PES and random initial velocities.
Such molecular dynamics simulations offer a further possibility to extract vibrational
spectra. Within Linear Resonse Theory Fermi’s Golden rule can be expressed as
Fourier Transform of the dipole autocorrelation function (FT-DACF) [72]:
Z ∞
I(ω) =
dt· eiωt hM(0)M(t)it0 .
(2.64)
−∞

Here, I(ω) denotes the infrared intensity. The angular brackets represent the ensemble average, that, according to the ergodic hypothesis, can be calculated as a
statistical time average for the autocorrelation of the dipole moment M of the system. To fulfill the requirement of ergodicity, the simulation time has to be long
enough. In this work, the first picosecond of the AIMD simulation is regarded as
thermalization period and the following time period of 9 ps is sampled for the evaluation of the spectra. No significant changes are observed, if 10 ps are used instead.
To allow a better comparison with experiment, the effect of finite measurement
time has been included in the Fourier Transformation by convoluting the dipole autocorrelation function with a cosinuidal window function (Hanning function). The
independence of the initial structure is guaranteed by averaging 20 simulated IR
spectra with different time starting points t0 out of one MD run. Calculating vibrational spectra on the basis of AIMD simulations has two main advantages: on the
one hand the spectra can be evaluated at finite temperatures, e.g. also at temperatures experiments are done. On the other hand anharmonicity effects, completely
neglected in the finite differences approach, are now intrinsically included.
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Van der Waals interactions
Following the IUPAC definition, van der Waals forces are “attractive or repulsive
forces between molecular entities (or between groups within the same molecular
entity) other than those due to bond formation or to the electrostatic interaction
of ions or of ionic groups with one another or with neutral molecules. The term
includes: dipole-dipole, dipole-induced dipole and London (instantaneous induced
dipole-induced dipole) forces” [73].
In many cases, the strongest contribution to the van der Waals forces arises from
London forces, also called dispersion forces. These forces are omnipresent, independent of the particular properties of the system. Regarding non-polar molecules,
dispersion forces are even the only contribution to the van der Waals interaction.
Thus, the terms “van der Waals energy” and “dispersion energy” are often used interchangeably.
In contrast to the electrostatic contributions of permanent dipole moments to the
van der Waals energy, the dispersive interactions are purely quantum mechanical in
origin. They arise from temporary quantum fluctuations in the charge distribution
of one fragment A (atom or molecule) that induce similar changes in the charge distribution in the second fragment B. In the framework of quantum electrodynamics,
the fluctuations of the electronic density might also be seen as single virtual excitations of an electron into an unoccupied orbital by the absorption of a virtual photon
arising from quantum fluctuations of the electromagnetic field in the vacuum. This
way, energy is borrowed from the vacuum and the electrostatic interaction between
the emerging transition moments at the different fragments is always attractive.
As such fluctuations in the charge density are small distortions compared to intramolecular covalent bonds, a perturbative treatment of the resulting coupling is
appropriate [74]. Assuming instantaneous interactions between the transition densities (see Figure 3.1) and neglecting electron exchange between the fragments A
and B, the dispersion energy is approximated as 2nd order correction term of the
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Figure 3.1: Schematic description of the dispersive interactions between to fragments
A and B in the electric dipole approximation. The horizontal dashed lines represent the
instantaneaous interactions between the excited states of A and B.

perturbed energy in which both molecules are in an excited state (|mni):
Edisp = −

X X h00|H 0 |mnihmn|H 0 |00i
(Em − E0 ) + (En − E0 )

(3.1)

m6=0 n6=0

with the perturbation operator
H0 =

X X ea eb
a∈A b∈B

rab

(3.2)

describing the electrostatic interaction between the electrons of the two particles.
This leads to the multipolar expansion of the dispersion energy. In the electric dipole
approximation, the intermolecular interaction is further restricted to the dipolar coupling and thus the perturbation operator reduces to the well-known dipolar coupling
operator [61]:
VAB =

µ(A)µ(B) − 3(µ(A)R̂)(µ(B)R̂)
R3
µi (A)µj (B)
=
(δij − 3R̂i R̂j )
R3

(3.3)

Substituting the perturbation operator in eq. (3.1) by VAB , yields an expression,
that already reveals the familiar R−6 behaviour:
dipole−dipole
Edisp
=−

0n
n0
m0
1 X X µ0m
i (A)µj (A)µk (B)µl (B)
R6
(Em − E0 ) + (En − E0 )
m6=0 n6=0

(3.4)

×(δik − 3R̂i Rˆk )(δjl − 3R̂j R̂l )
By averaging over all rotational states, the simpler form
dipole−dipole
Edisp
=−

1 2 X X |µm0 (A)|2 |µn0 (B)|2
R6 3
(Em − E0 ) + (En − E0 )
m6=0 n6=0

30

(3.5)

Van der Waals interactions
is obtained. Furthermore, by approximating the excitations of the electrons as single
transitions with a certain energy (e.g. E A ) and transition moment (e.g. µ(A)), the
isotropic static polarizabilities
α(A) =

2 |µ(A)|2
3 EA

(3.6)

can be introduced into eq. (3.5), leading to the familiar appearence of London’s
equation:
3 E A E B α(A)α(B)
dipole−dipole
Edisp
=−
(3.7)
2 EA + EB
R6
The energies E A and E B are usually approximated as ionization energies of A and
B. Alternatively, the Slater-Kirkwood formula is used, that estimates
p
E A = NA /α(A)
(3.8)
with NA being the effective number of valence electrons of atom A. [75, 76]
The perturbative derivation given above involves a coupling operator that requires
an instantaneous interaction. Thus, the finite velocity of electromagnatic waves is
neglected and London’s theory is only valid at short distances, i.e. in the range
where the separation of the fragments is much shorter than the wavelength corresponding to the characteristic absorption frequency of the molecule. As these
wavelength are usually several thousands of angstroms, the London formula seems
to be valid in typical chemical situations, where molecules are seperated by less than
10 angstroms [75].
Another striking drawback of London’s equation is its dependency on single ionization potentials. Taking into account that a molecule or atom has more than just
one absorption frequency, isotropic dynamic polarizabilities in terms of an imaginary
frequency
2 X (Em − E0 )|µm0 (A)|2
α(iu) =
(3.9)
3 m (Em − E0 )2 + u2
can be introduced in eq. (3.5) by making use of the relation
Z
1
1 ∞
(Em − E0 )(En − E0 )
=
du.
(Em − E0 ) + (En − E0 )
π −∞ ((Em − E0 )2 + u2 )((En − E0 )2 + u2 )
(3.10)
This yields
Z
1 3 ∞
dipole−dipole
Edisp
=− 6
α(iu)A α(iu)B du,
(3.11)
R π −∞
which ressembles the exact formula obtained by the electrodynamical derivation
of Casimir and Polder [77]. It should be noted, that the more precise theory of
Casimir and Polder relies on the actual finite velocity of virtual photons, which can
be thought to transmit the interaction. This leads to retardation effects and the
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dependency of the energy on the distance is only proportional to R−7 for larger
distances. But also for van der Waals interactions that are mediated through condensed matter, retardation effects have been found to play an important role [78].
In the following, methods that are capable to describe van der Waals interactions are
discussed and their performance regarding systems involved in this work is revealed.
Special attention is paid to dispersive interactions between adsorbates and surfaces
which are challenging for simple models.

3.1

Modelling dispersive interactions

According to the perturbative derivation of the dispersive interactions, post-HF
methods should be able to (at least partially) capture such interactions, as they
include virtual orbitals in the description of the wavefunction. However, concerning
larger systems, only the simplest of these methods, namely MP2, is applicable to
deal with up to 500 atoms. Unfortunately, this level of theory was found to overestimate dispersive interactions by about 30-50% [79]. More sophisticated quantum
chemistry methods, such as CCSD(T), become prohibitively expensive already for
studies of system with more than 50 light atoms. Therefore, these methods hamper
the description of extended surfaces and in the field of interfacial chemistry quantum
chemistry methods can only serve as reference for benchmarking other methods on
the basis of calculations of small systems.
On the other hand, in particular regarding bulk properties or the adsorption of
small inorganic molecules or atoms on surfaces, DFT has proven to be remarkably
successful [22]. So it might be desirable to describe the van der Waals interactions
within this promising method. Being an exact theory, DFT is indeed capable to
treat the dispersive interaction –as long as the exact exchange-correlation functional
is used. Yet, with common approximations for the exchange-correlation functional,
like LDA and GGA, the description of dispersive interactions is not feasible. Within
these approximations only local (or semi-local) correlation effects are described correctly, but correlation effects outside the area of overlapping electronic densities
are neglected. This can be seen in the form of the one-electron potential: the exact asymptotic behaviour of the correlation part of the potential is proportional to
1/Rn , but LDA and most GGA functionals reveal a much faster, exponential decay
of the potential for R → ∞.
In general, including the 2nd derivative of the density, as done in meta-GGA functionals, does not lead to an improved description of dispersive interactions. Also,
the partial inclusion of exact exchange, leading to hybrid functionals, does not help
to account for dispersive interactions that are based on electron correlation effects.
However, there are functionals at this level of theory, that are specially designed to
model the van der Waals interactions and are thus able to show some success in the
description of systems dominated by non-covalent interactions [80]. Besides, there
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have been attempts to adjust effective core potentials in order to model dispersive
forces via the atom-electron interactions [81]. Yet, both approaches are highly
empirical methods, that rely on fitting the parameters of the density functionals or
the effective core potentials to known interaction energies. They might fail by going
to systems being very different to those they have been adjusted for.
Conceptually, the only proper way to include vdW forces into DFT is to follow
the adiabatic connection formula, that in general provides the correct exchangecorrelation functional, as it adiabatically connects the non-interacting system with
the fully interacting system. With the help of the fluctuation-dissipation theorem,
the adiabatic connection can be expressed in terms of the response function. As full
calculations are prohibitively expensive, approximations for the response function
based on a local dielectric function depending on the local electron density have
been introduced [82]. Further simplifications of the electrodynamics and a rangedepending partitioning of the correlation functional eventually led to a tractable
functional [83, 84], termed van der Waals density functional (vdW-DF), which
gained increasing popularity. Yet, in spite of all the approximations being introduced, the vdW-DF is still rather expensive compared to common GGA functionals. Thus, it stays restricted to smaller system, i.e. only the adsorption of small
molecules on surfaces is doable [85–87].
Finally, quite a different approach tries to include dispersion interactions by adding
a R−6 correction term to the Kohn-Sham Hamiltonian. Although the impact of the
dispersion forces on the electronic density is not directly accessible, the computational efficiency of this ansatz makes it rather appealing. Indeed as no additional
costs ontop of GGA-calculations arise, the size of the systems is solely restricted by
the number of electrons the density functional can deal with. This concept, commonly known as DFT-D method, is pursued by many groups [88–96] with different
ways to determine the parameters of the correction term and therefore different
degrees of empiricism.
In this work, both the vdW-DF and the DFT-D method are considered. They
have the advantage to recover the correct asymptotic R−6 behaviour that is neither
revealed by specially developed meta-GGA density functionals nor by the use of
adjusted one-electron potentials. Their basic ideas are explained in some more
detail in the following subsections.

3.1.1

Nonlocal van der Waals density functional (vdW-DF)

This approach attempts to model the dispersive interactions efficiently by separating
the exchange-correlation functional into several parts and treating each of them by
different levels of approximations [97].
Exc = Ex + Ec = Ex + Ec0 + Ecnl

(3.12)

The exchange part Ex is usually taken from the GGA functional. In the original
version of the vdW-DF, it is recommended to use a revised version of the PBE
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functional (revPBE), as this GGA functional shows an improved performance: i.e.
it does not show any binding from exchange alone for systems that are solely bound
via dispersion interactions (e.g. rare gas dimers) [84].
Regarding the correlation functional Ec , a new functional has been developed, based
on the adiabatic connection formula. In connection with the fluctuation-dissipation
theorem the total correlation energy can be expressed in terms of the density response function to the total potential χ̃λ :


Z ∞
Z
du 1 dλ
χ̃λ Vλ
Ec = −
tr
− χ̃0 Vλ ,
(3.13)
2π 0 λ
1 − χ̃λ Vλ
0
where V is the Coulomb operator describing the electrostatic interaction between
the electrons and λ denotes the coupling constant [98].
According to equation (3.12), Ec is furtheron devided into a short-range correlation
part



Z ∞
Z
du 1 dλ
1
0
Ec = −
1−
− χ̃0 Vλ
(3.14)
2π 0 λ
λ
0
and a longer-range correlation part



Z ∞
Z
du 1 dλ
χ̃λ Vλ
1
nl
Ec = −
tr
− 1−
2π 0 λ
1 − χ̃λ Vλ
λ
0

(3.15)

by introducing the polarization function 1 − −1 which depends on the dielectric
function .
The expression for the long-range correlation part Ecnl , that actually contains the
dispersion terms, is typically given as a double-space integral, revealing its nonlocal
character,
Z Z
1
n(r)φ(r, r0 )n(r)drdr0 ,
(3.16)
Ecnl =
2
where the kernel φ(r, r0 ) is a function of electronic coordinates and the densities n
and its gradient at r and r0 . The actual form of the kernel depends on the version
of the vdW-DF.
In the original version of 2004, the kernel has been derived from equation (3.15) by
making several assumptions. First, the integration over the coupling constant λ is
facilitated by making use of the approximation λ ≈ (1 − 1)λ + 1 and χ̃λ ≈ χ̃1 .
As spectator contributions are neglected, this so-called full potential approximation
yields the exact long range vdW-term, i.e. the same result as obtained from 2nd
order perturbation theory. The dielectric function is then approximated as a single
pole function of the plasma frequency which is finally related to the density.
For the short-range correlation part it was shown that it is appropriate to approximate Ec0 ≈ EcLDA . It truely restricts the correlation to a local region and implicitly
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uses the exact dielectric function. As Ecnl vanishes in that limit, double-counting is
avoided.
In spite of the fact that the original version of the vdW-DF does not yield satisfactory results neither for the binding distances nor for the binding energies [99], it
has the main advantage that it is obtained in a purely ab initio manner and thus
directly influences the charge density.
During 2009 and 2010 there have been many modifications of the vdW-DF, such as
the vdW-DF2 [100] or the VV09 [101] and VV10 [102] functionals that improved
the accuracy of this approach. By using alternative exchange functionals, it could
be shown, that also in connection with the original vdW-DF chemical accuracy can
be achieved [103].
The gradients of such exchange-correlation functionals have been determined [104]
and self-consistent implementations of the vdW-DF exist [99], that allow e.g. the
determination of Hellmann-Feynman forces and thus give access to structural determination methods. However, it was also shown, that the self-consistency has only
little impact on the resulting interaction energies and distances [104]. This validates the appliance of the vdW-DF in a post-GGA manner, that is computationally
much more efficient and allows its application in the field of adsorption phenomena
on extended surfaces.
Within this work the vdW-DF of Dion et al. [84] has been used in a non selfconsistent manner as implemented in the JuNoLo code [105].

3.1.2

Semi-empirical corrections for dispersion effects to DFT
(DFT-D)

The methods of adding a semi-empirical correction term to the quantum mechanical
potential arose in the 1970s, when such approaches were used to overcome the
deficiencies of HF calculations, that, by definition, do not account for dispersion
effects [106]. At the beginning of the 21st century this almost forgotten ansatz
experienced a comeback due to the realization of similar failures of the popular DFTGGA functionals regarding the description of soft matter. Modern suggestions for
practical implementations were, amongst others, given by Grimme, who also coined
the term “DFT-D” for such approaches in the context of DFT-calculations [89–91].
The total dispersion corrected DFT-energy is expressed as:
EDFT−D = EDFT + Edisp

(3.17)

Neglecting many-body terms, the most general form of the dispersion correction
Edisp is given as a sum over the multipolar expansion of the dispersive interaction
of all atom pairs in the system
Edisp = −

X

X

AB n=6,8,10...

sn

CnAB
n fdamp (RAB )
RAB

(3.18)
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with CnAB being the nth-order dispersion coefficient for the interaction between the
atoms A and B. RAB denotes the interatomic distance.
In most early approaches (e.g. Grimme’s correction schemes of 2004 (DFT-D1) and
2006 (DFT-D2)) only the dipolar contribution to the dispersion energy (n = 6) was
accounted for.
Global scaling factors (sn ), introduced to adjust the correction to a specific density
functional, have been obtained by fitting procedures for different common density
functionals. In the latest correction scheme of Grimme (2010, DFT-D3) s6 was set
to unity and only the scaling parameters of higher orders (n > 6) are fitted. Hence,
the correct asymptotic behaviour of the overall potential is ensured. That correction scheme incorporates the dependency on the chosen density functional within
the damping function.
The damping function fdamp is introduced in order to avoid the singularity of Edisp
at small distances. Usually, it is designed in a way that it makes the dispersion
correction vanish at short distances RAB . This is an appropriate approach, as
common GGA density functionals already reveal a good description of the electron
correlation in the region of overlapping electron densities and the derivation for
the dispersion interaction leading to the R−6 behaviour (see above) is actually only
valid in regions, where electron densities do not overlap. Different forms of damping
functions have been suggested that determine the onset of dispersion by a cutoff
radius R0AB , which is often approximated by the sum of the respective atomic van
der Waals radii that for example can be taken from experimental data (e.g. Bondi’s
van der Waals radii [107]).
For example in Grimmes’ correction schemes of 2004 and 2006 fdamp is given as
DFT−D1/2

fdamp

(RAB ) =

1
1+

AB
e−d(RAB /R0 −1)

.

(3.19)

The parameter d, which determines the steepness of the damping function, was set to
23 (DFT-D1) or 20 (DFT-D2), as these values were found to yield reasonable results.
Fixing this parameter is finally justified, because its influence on the total energy is
significantly lower than the impact of other parameters [108]. The cutoff-radius of
the damping function (R0AB ) is assumed to be the sum of atomic radii, that have
been derived from the electron density contour of restricted open HF calculations.
As the final result is rather sensitive to variations of this parameter [108], a thorough
determination of the cutoff radii is necessary.
Within the revised Grimme scheme of 2010, the damping function calculates as
DFT−D3
fdamp
(RAB ) =

1
.
1 + 6(RAB /(sr,n R0AB ))−dn

(3.20)

The steepness parameters are determined according to dn = 14+(n−6). This rather
arbitrary definition was chosen as it leads to dispersion energies of less than 1% of the
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maximal dispersion energy for typical covalent bond distances. As mentioned above,
DFT−D3
fdamp,n
includes now the density functional depending scaling factor sr,n , that is
(for n = 6) obtained by fitting procedures. Additionally, R0AB is not calculated as
sum of atomic radii any longer. Compared to its predecessors, it is calculated by
a more sophisticated method. Therefore, the interaction energy of an atom-pair is
calculated as a function of the interatomic distance. By setting a certain cutoffenergy the corresponding distance is determined and defined as cutoff-radius. The
actual value of this cutoff-energy might be chosen rather arbitrarily, as the cutoffradii are scaled by sr,n anyway. For elements of interest within this work, Table 3.1
summarizes the values of the cutoff-radii used in the D2 and the D3 correction
scheme.
Of crucial importance for accurate dispersive energies are, of course, also the dispersion coefficients CnAB . In most correction schemes, the multipolar expansion of
eq. (3.18) is restricted to the dipolar contribution and thus only 6th order dispersion coefficients C6AB are involved. They have been calculated in early correction
schemes via the London formula in connection with experimental ionisation energies and polarizabilities [109]. Later, also the Slater-Kirkwood formula (3.8) was
employed [88]. Other schemes apply simpler combination rules for the calculation
of the heteroatomic dispersion coefficient on the basis of homoatomic dispersion
coefficients: DFT-D1 employs the harmonic mean of C6A values. The homoatomic
dispersion coefficients stem from the work of Wu and Yang [88], but are, for the
sake of simplicity averaged over different hybridsation states of the atom leading to
a single C6 value per atom. Wu and Yang determined the atomic C6 coefficients
by a fitting procedure to C6 values deduced from dipole oscillator strength distribution (DOSD) experiments. In the DFT-D2 approach, it is suggested to take the
geometric mean of the corresponding homoatomic dispersion coefficients, that are
no longer taken from values fitted to experimental data, but obtained by making

Table 3.1: Atomic cutoff radii (R0AA /2 in Å) of various elements calculated with different
dispersion correction schemes

D2
D3

D2
D3

He

Ne

Ar

Kr

Xe

1.012
0.867

1.243
1.069

1.595
1.457

1.727
1.605

1.881
1.794

H

C

N

S

1.001
1.091

1.452
1.455

1.397
1.311

1.683
1.655

D2
D3

Cu

Ag

Au

1.451
1.650

1.639
1.665

1.723
1.628
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use of the relation

C6A = 0.05N IpA αA

(3.21)

This expression, derived from the London formula of dispersion, was the first that
allowed a consistent determination of the C6 coefficients for all elements of the periodic table. The atomic ionization potential Ip and static dipole polarizability α of
atom A are calculated by means of unrestricted DFT calculations in connection with
the PBE0 functional. However, the DFT-D2 approach still applies an empirically
dervied formula for the calculation of C6AB . A more “ab initio” way of deducing
dispersion coefficients is proposed in the DFT-D3 correction scheme, where the C6
parameteres are obtained by means of time-dependent DFT calculations according to the Casimir-Polder formula (3.11). As the polarizability of atoms embedded
within molecules might differ markedly from the polarizability of the isolated atom,
the respective C6AB coefficients are affected as well. To cope with this issue, the
C6AB coefficients are not only calculated for the free atoms, but also for some suitable reference molecules. Additionally, in order to account for different chemical
environments of the atoms in different molecules, the concept of fractional coordination numbers is introduced. Pursuant to a formula that counts over all atoms
present in the system, the fractional coordination number of each of the atoms
within the system is calculated. A 2D-interpolation between previously calculated
C6AB values for different reference molecules, in which the considered atoms have
different coordination numbers, will lead to the C6AB values for the atom pairs in
the system.
Besides the schemes of Grimme, many other flavours of semi-empirical dispersion
corrections exist, that differ slightly in the calculation of the C6 and R0 parameters
or the damping function, as well as in the way to include the dependency of the
chosen density functional. A prominent alternative that is at least as successful
as the Grimme schemes has been developed by Tkatchenko and Scheffler [95]. In
their approach the parameters of free atoms are also determined by time-dependent
DFT calculations. However, various possible hybridisation or oxidation states of the
atoms are accounted for in a different manner: employing a Hirshfeld partitioning
of the electron density, the parameters of atoms embedded in a molecule or solid
are adjusted on the basis of their partial charge denisty.
Within this work mainly Grimme’s correction schemes are used. For the sake of
comparison, some other correction schemes are included for benchmark systems in
the next section.
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3.2

Dispersive interactions between molecules

To some extent the quality of different methods that account for dispersive interactions between atoms or molecules is already revealed by evaluating the homoatomic
or homomolecular C6 coefficients.
In Table 3.2 some C6 coefficients determined by different semi-empirical dispersion correction schemes or different versions of the vdW-DF are compared to C6
coefficients deduced from dipole oscillator strength distribution (DOSD) experiments [111–113]. Regarding semi-empirical correction schemes a tremendous improvement in the C6 coefficients can be seen by going to the more sophisticated
method of their determination, i.e. the D3 correction scheme deviates on average
only by 3.1% from the experiment, while this value amounts 30.7% for the D2 approach.
As far as vdW-DFs are concerned, this trend is less obvious. While a mean deviation of 32.0% is observed for the early vdW-DF, the more recent VV09-functional
gets closer to the experimental values (deviation of 8.8%) [99, 101]. However, interestingly enough, the vdW-DF2 leads to C6 values that agree poorly with experiment [110], i.e. even worse than its predecessor (deviation of 57.8%). It should
be noted, that the C6 coefficients calculated from the vdW-DFs are sensitive to the
choice of a cutoff-radius needed for their evaluation. Additionally, within the VV09functional there is a parameter, that has been determined by a fitting procedure

Table 3.2: Atomic and molecular C6 coefficients (in eV·Å6 ) calculated with different
dispersion correction schemes and different versions of the vdW-DF. For comparison values
deduced from dipole oscillation strength distribution (DOSD) experiments are included.

He
Ne
Ar
Kr
Xe
C6 H6
CH4
C3 H8
C6 H14

vdW-DFa

vdW-DF2b

VV09c

D2d

D3d

DOSDe

1.73
5.62
37.46
68.3

0.45
1.83
15.11
28.5

0.84
5.02
41.89
78.39

774.98
72.9

386.59
30.35

1098.24
77.44

0.83
6.53
47.8
124.53
310.9
1074.83
82.41
502.47
1799.66

0.96
3.77
38.61
77.94
173.46
991.28
76.32
431.1
1505.43

0.87
3.79
38.49
77.74
171.83
1029.52
77.44
459.08
1583.86

a

Ref. [84, 101]
Ref. [110]
c
Ref. [101]
d
Atomic C6 coefficients are taken from Refs. [90, 91], molecular C6 coefficients are obtained by
summing the C6AB values computed according to Grimme’s D2 or D3 correction scheme over all
intermolecular atom pairs.
e
Ref. [111] for He-Xe, Ref. [112] for C6 H6 and Ref. [113] for Cn H2n+2
b
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Figure 3.2: In (a) the mean absolute deviation (MAD) of different vdW-DFs and PBE-D
methods applied to the S22 benchmark set are shown. In (b) the MAD of the PBED methods with respect to 13 or 12 different benchmark sets (including or omitting a
benchmark set of small water clusters) are shown. The respective MAD-values are taken
from Refs. [91, 99, 102, 103, 110]. Panel (c) shows the potential energy curve of a water
dimer calculated with different methods in connection with the aug-cc-pVTZ basis set. The
geometry of the water dimer has been taken from [114].

to minimize the deviation of the C6 coefficients from experiment and some of the
values listed in Table 3.2 have been taken as training set [101].
A better benchmark of the performance of vdW-DFs and semi-empirical dispersion
correction schemes is thus given by the evaluation of interaction energies of molecular
pairs. The performance of the DFT-D approaches using different density functionals
has already been discussed extensively in Ref. [91], leading to the conclusion that the
PBE-functional is one of the least recommended functionals to be used together with
semi-empirical dispersion correction schemes. Nevertheless, as the PBE-functional
has proven to be successful in describing many surface related phenomena, the
capability of semi-empirical dispersion correction schemes in connection with the
PBE-functional is shortly summarized and contrasted to current versions of the
vdW-DF.
For the S22 set of weakly interacting molecules [115], the mean absolute deviations (MAD) of the interaction energies obtained by the vdW-DF, the PBE-D2 and
the PBE-D3 from the interaction energies obtained by quantum chemistry calculations reflects the overwhelming success of the semi-empirical dispersion correction
schemes: while the vdW-DF reveals a MAD-value of 52 meV, the MAD-values of the
PBE-D2 (PBE-D3) approach is reduced to 29 meV (27 meV) [91] (see Figure 3.2).
Admittedly, there are more recent versions of the vdW-DF, that, e.g. by using other
exchange functionals, achieve chemical accuracy as well [103].
Although only little differences between the D2 and the D3 correction can be seen regarding the S22 benchmark set, the more universal nature of the DFT-D3 approach
compared to its predecessor DFT-D2 is striking, if other weakly interacting systems
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Figure 3.3: Potential energy curves of the interaction between two benzene molecules
evaluated with different methods for different geometries ((a) sandwich (S, D6h ), (b) parallel displaced (PD, C2h ), (c) T-shaped (T, C2v )). CCSD(T) calculations that have been
extrapolated to the complete basis set are taken from [118], while the dispersion corrections PBE-D1 and OBS are taken from [89, 94]. The results of the vdW-DF are adapted
from [119]. PBE(-D2/3) calculations were done using the aug-cc-pVTZ basis set.

besides the S22 set are included. Using the PBE-functional the over 13 benchmark
sets averaged MAD-value amounts 95 meV for the D2 correction, whereas it is only
78 meV for the D3 correction [91]. As the PBE-functional already reveals a good
description of the water-dimer interaction, which is probably due to an exaggeration
of linear hydrogen bonds [116, 117], the addition of a correction for the dispersion
energy leads to an overestimation of the absolute value of the interaction energy
of about 15%. Leaving out the benchmark set containing the interaction between
water molecules, the MAD reduces to 66 meV and 54 meV for the D2 and the D3
correction, respectively. Though these average deviations do not suggest a sufficient accuracy of dispersion corrected PBE calculations in general, there are many
systems interacting mainly via dispersion for which both semi-empirical correction
schemes proposed by Grimme in connection with the PBE-functional achieve chemical accuracy. This is shown in some more detail for model systems related to the
different classes of molecules involved in this work.
One important class of molecules being used as building blocks in upright standing SAMs or host-guest networks at surfaces are aromates. The antetype for the
interaction between aromatic molecules are benzene-dimers of different symmetries
(sandwich (S, D6h ), T-shaped (T, C2v ), parallel displaced (PD, C2h )). These systems have been subject to various quantum chemical calculations and are hence
predestinated for benchmark studies. In Figure 3.3 potential energies curves of
benzene-dimers of different symmetry calculated with different methods are compared. While the early dispersion correction of Grimme (D1) (values taken from
Ref. [89]) and the dispersion correction scheme of Ortmann, Bechstedt and Schmidt
(OBS) (values taken from Ref. [94]) deviate significantly from CCSD(T) results
(taken from Ref. [118]), both the D2 and the D3 approach agree well with these
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Figure 3.4: Potential enegy curves of the interaction between two alkane molecules ((a)
methane, (b) propane, (c) hexane) evaluated with different methods. CCSD(T) calculations
that have been extrapolated to the complete basis set are taken from [118] for the methanedimer and from [120] for the propane dimer. PBE(-D2/3) and MP2 calculations were done
using the aug-cc-pVTZ basis set.

quantum chemical calculations. The differences between the D2 and the D3 correction are negligible, rather favouring the D2 over the D3 correction. For comparison
the energetic minima obtained by means of the vdW-DF are included as well. In
agreement with the trend already seen in the MAD-value of the S22 benchmark set,
the vdW-DF shows much larger deviations from the CCSD(T) calculations than the
semi-empirical correction schemes D2 and D3.
The second class of molecules that play a crucial role in the formation of well-ordered
SAMs are n-alkanes. In Figure 3.4 the interaction between alkane-dimers of different
chain lengths are shown. While MP2 calculations strongly overestimate the interaction energy between aromatic systems [121, 122], the pertubative approach seems
to be suitable for the interaction between molecules with sp3 -hybridised carbon
atoms [123]. This enables the comparison of different dispersion corrections with
quantum chemical calculations even for longer alkyl chains such as hexane dimers
in connection with a sufficient large basis set. Figure 3.4 reveals an overestimation
of both the D2 and the D3 approach for the methane dimer. By going to longer
alkyl chains the relative error of the D3 correction decreases (49% for methane2 ,
21% for propane2 and 12% for hexane2 ), while the relative error of the D2 correction is always at around 35-45%. This exposes the need for C6 coefficients that are
adapted to the chemical environment of the atoms, which is accounted for in the
D3 correction scheme, but not in the D2 correction scheme.
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Figure 3.5: In (a) the lateral positions of benzene (upper panel) and naphthalene (lower
panel) on graphite are shown. The atoms of the first and the second highest graphite layer
are depicted in black and light grey, respectively. Panel (b) reveals the vertical arrangement
of the molecules adsorbed on a 3 layer graphite model. The interlayer spacing d obtained by
relaxing two graphene sheets with different methods, as well as the experimental value [126]
of the bulk interlayer distance are included. The potential energy curves for the interaction
of benzene or naphthalene and graphite are shown in graph (c) and (d) respectively. The
results of the vdW-DF are taken from Ref. [85] and the experimental values are adapted
from Refs. [124, 127].

3.3

Dispersive interactions between surfaces and adsorbates

Although many different dispersion corrections for density functionals do exist,
rather few of them deal with interactions between molecules and surfaces. Especially metal surfaces are challenging, since the electrostatic interactions between
molecules or atoms and metals are screened due to free electron gas of the metal.
Additionally, the C6 -coefficients deduced from atomic properties as done in the work
of Grimme in 2006 are most probably not appropriate for metal atoms embedded
within a surface. Thus, the issue of atoms or molecules that interact weakly with
(metal) surfaces will be addressed in this section.
When dealing with van der Waals interactions in extended systems, the most prominent textbook example is probably the interlayer stacking in graphite. A recent experimental study deduced the energy needed to peel off one graphene sheet from the
bulk by thermal desorption energies of polycyclic aromatic hydrocarbons (PAHs)
on the basal plane of graphite [124]. These studies have been used to benchmark
the vdW-DF in the field of interfacial chemistry [85]. Furtheron, the vdW-DF has
been successfully applied to the adsorption of other small aromatic molecules on
different surfaces [86, 87, 125]. Following the benchmark studies of the vdW-DF
on the example of the adsorption of small aromates on graphite, the semi-empirical
correction schemes D2 and D3 are also applied to such systems (see Figure 3.5,
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for D2 see also [128]). As pointed out in Ref. [91], concerning organic molecules
on graphene, PBE might not be the most recommended functional in connection
with pairwise additive dispersion corrections. However, as shown in Figure 3.5, the
PBE-D2 and PBE-D3 methods still yield satisfying results, both in comparison to
experimental values and to the results obtained by the vdW-DF. Additionally, a
similar semi-empirical dispersion correction scheme with slightly different parameters yielded reasonable results for the adsorption of adenine on graphite [129]. This
opens the way for the application of dispersion corrected DFT-calculations not only
with respect to small molecules, but also concerning larger supramolecular building
blocks adsorbed on graphite, where the vdW-DF, due to its computational expense,
cannot be applied anymore and common force field methods are too inaccurate [130].
Yet, whenever it comes to metals, the appliance of semi-empirical correction schemes
gets questionable. In order to assess their merits and limitations in the field of metallic systems, the basic theory for the interaction between surfaces and adsorbates is
shortly summarized. It has been derived from first principles by Zaremba and Kohn
in 1976 [131]. Their perturbative approach, similar to the perturbative derivation
for van der Waals interactions between atoms (see above), yielded in the well-known
formula:
Cv
V =−
(3.22)
(Z − ZvdW )3
where Z is the distance between the adsorbate and the surface and ZvdW is the
position of a dynamical image plane steming from the inclusion of higher order
correction terms. The van der Waals constant Cv is given by
Z ∞
1
(iω) − 1
Cv =
dωα(iω)
.
(3.23)
4π 0
(iω) + 1
Similar to the C6 coefficient, Cv depends on the dynamic polarizability α(iω), but
now also on the bulk dielectric function (iω). The position of the dynamical image
plane can be calculated as a weighted average of the centroid of the induced charge
density z̄(iω):
Z ∞
1
(iω) − 1
dωα(iω)
ZvdW =
z̄(iω).
(3.24)
4πCv 0
(iω) + 1
Based on the jellium model, Cv , ZvdW and the resulting interaction energy between
rare gas atoms and noble metal surfaces have been evaluated. The repulsive potential has been obtained by HF-calculations [132].
Representing the foundation for treating physisorption phenomena, many slight improvements as well as simplifications of that early work of Zaremba and Kohn have
been suggested, may it concern the position of the dynamical image plane [133], the
introduction of a damping function [133, 134] or the way how the repulsion is calculated [135, 136]. E.g. both by the extension of a pseudopotential approach of Harris
and Liebsch [135] and lateron by making use of scattering theory, Chizmeshya and
Zaremba derived a simple form for the short range repulsive potential, which, in
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connection with a suitable damping function [137], yielded reasonable results also
for calculations of the physisorption of heavier rare gas atoms on noble metal surfaces [134, 136].

Figure 3.6: Schematic to illustrate the geometry of vdwinteractions

In principle, equation (3.22) can also be rationalized
by summing the atom-atom dispersion interaction being proportional to R−6 [22, 138]. Using the geometrical parameters defined in Figure 3.6, the sum of the
pairwise interactions between the adsorbate and the
equally distributed substrate atoms can be expressed
as multidimensional integral,
Z ∞ Z ∞Z ∞
C6 n 0
V =−
dx dy dz,
(3.25)
r6 d
Z−d/2 0
0
where n0 denotes the number of atoms per surface unit
area.

Taking advantage of polar coordinates for evaluating the double integral within the
xy-plane, the expression turns into
Z ∞ Z 2π Z ∞
C6
n0
ρ dρ dφ dz.
(3.26)
V =−
d Z−d/2 0
r6
0
Evaluting the integral via the substitution ρ2 = r2 − z 2 leads finally to equation (3.22), with
n0 π
Cv =
C6
(3.27)
d 6
and ZvdW = d/2, which is just the position of the jellium edge. The latter equation
is a reasonable parity for insulating surfaces [131], explaining the good performance
of pairwise additive interactions in case of the adsorption of benzene or naphthalene
on graphite for example. But also for noble metals it was shown, that ZvdW does
not differ by more than 20% from the edge of the jellium [134]. So as a first approximation the interaction between adsorbates and metals might be treated within the
pairwise additive correction schemes introduced above.
With the relation given in (3.27), C6 coefficients of pairwise additive correction
schemes can be transferred and compared to Cv coefficients deduced from calculations based on the jellium model of metals (see Table 3.3) which can give a first
hint of the accuracy of the semi-empirical treatment of the dispersion interactions.
Evidently, dispersion coefficients deduced from the simple D2 approach, based on
the properties of isolated atoms, show large deviations from the dispersion coefficient
of Zaremba and Kohn [131] (MAD of 4.263 eV·Å3 ). This is on the one hand due to
the overestimation of the dispersion coefficient of the adsorbate, which was already
shown in Table 3.2. On the other hand, even if the dispersion coefficients of the
adsorbates within the D2 approach are replaced by the more correct ones of the D3
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approach, the D2 scheme still fails in reproducing the correct Cv coefficients (MAD
of 3.054 eV·Å3 ), revealing also a strong overestimation of the C6 coefficients of the
metal atoms embedded in the surface. By including the chemical environment of
the atom, as it is done in the D3 correction scheme, the error of the dispersion
coefficients given in Table 3.3 reduces remarkably (MAD of 1.272 eV·Å3 ).
A further reason for the deviation is the failure of atomic pairwise correction schemes
to account for the fact that electric fields are screened by metallic surfaces. In contrast, the parameters obtained by the jellium model assume a perfectly screened
interior of the metal.
There might be different ways of dealing with that issue: one solution might be to
introduce a kind of screening function in the pairwise additive approach. The screening of electrostatic fields by metals, known as Thomas-Fermi screening, is decribed
by an exponentially decaying function of the distance. Although the actual form of
the screening of dynamic electric fields (such as created by fluctuating dipols) is still
debated, a zeroth-order assumption might assume the classical exponential screening
function for dynamic electric fields as well. Thus, the pairwise interaction between
an atom and the surface is multiplied with a screening function fscreen = e−2λx
where x denotes the part of the interaction distance embedded within the metal.
The screening length λ−1 is taken to be the Thomas-Fermi length which is e.g. in
case of Cu about 0.55 Å [139]. The factor of 2 is introduced as screening occurs both
for the emanating and reflected waves. Such a strongly decaying function indeed almost completely screens the interaction between the adsorbate and the atoms of the

Table 3.3: Comparison of Cv coefficients (in eV·Å3 ) obtained by the jellium model (ZK,
Ref. [131]) and deduced from heteroatomic C6 coefficients of different dispersion correction
schemes (D2, D3, hybrid).
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ZK

D2

D3

hybrid

Cu-He
Cu-Ne
Cu-Ar
Cu-Kr
Cu-Xe

0.225
0.453
1.540
2.170
3.180

0.420
1.178
3.187
5.145
8.129

0.378
0.721
2.580
3.736
5.679

0.317
0.891
2.409
3.889
6.145

Ag-He
Ag-Ne
Ag-Ar
Ag-Kr
Ag-Xe

0.250
0.502
1.652
2.310
3.351

2.761
2.761
7.469
12.056
19.050

0.544
1.055
3.643
5.221
7.850

1.651
1.651
4.467
7.211
11.394

Au-He
Au-Ne
Au-Ar
Au-Kr
Au-Xe

0.276
0.554
1.811
2.525
3.649

1.828
1.828
4.946
7.983
12.614

0.360
0.698
2.412
3.457
5.198

1.094
1.094
2.958
4.775
7.544
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metal lying below the uppermost atomic layer. Indeed the contribution of deeper
lying surface atoms to the dispersion energy is reduced by more than 99.95%. This
validates the common way to approximate screening effects in pairwise additive dispersion correction schemes by taking only the uppermost atomic layer of the metal
into account [140, 141], an ansatz that will be denoted as “1layer method” furtheron.
Unfortunately, introducing an exponentially decaying screening function, leads to
deviations from the correct polynomial behaviour. If only one layer of metal atoms
is considered in the derivation of the (Z − ZvdW )−3 potential from pairwise additive
interactions, the three dimensional integral given in eq. (3.25) reduces to a double
integral. Evaluating this double integrals, leads to a Z −4 -dependency of the van der
Waals interactions, clearly distinct from the correct Z −3 -behaviour. Besides, there
are studies showing that the exponential decay is not valid for quantum fluctuations
within a field of free charges. Due to their dynamical character the instantaneous
electric dipoles cannot be screened completely by the electron gas [142]. On the
other hand, it is evident that free charges reduce the amount of the van der Waals
interaction energy, however, this might not be expressed in terms of a simple functional dependency. Although being well aware that the 1layer method suffers these
fundamental drawbacks, it might be worth having a closer look at its performance,
not least, because it is a popular approach.
Another way to account for screening effects might be the use of a modified C6
coefficient for the metal atoms of the surface that intrinsically accounts for this
electrodynamic property. Such an intermediate or averaged C6 coefficient that is
then used for all atoms of the surface can be calculated by fitting the semi-empirical
dispersion correction to the difference of the adsortion energies steming from quantum chemical methods and DFT (furtheron termed “hybrid approach”). Pursuant
to this idea of Tuma and Sauer [143, 144], such an approach has been applied to
the example of the adsorption of small aromatic molecules on surfaces and will be
explained in detail lateron (3.3.2). It leads to Cv coefficients that are with a MAD
of 2.203 eV·Å3 much closer to the values of Zaremba and Kohn than the values
obtained by the D2 approach and comparable to the values of the D3 approach (see
Table 3.3).

3.3.1

A simple test case: Xe on Cu(111)

A more detailled comparison between semi-empirical correction schemes and the
exact (Z − ZvdW )−3 potential is drawn for the adsorption of Xe on Cu(111). Both
experimentally [145] and by LDA or (vdW augmented)
GGA-calculations [146, 147]
√
√
Xe is found to adsorb in a commensurable ( 3 × 3) overlayer structure located on
top positions. Additionally, as an experimental desorption energy and an adsorption distance deduced from XSW measurements are available [145], it is a convienent
system to benchmark different dispersion corrections schemes.
In Figure 3.7 the Xe-Xe interaction is plotted as a function of the interatomic dis47
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Figure 3.7: Interaction energy between two Xe atoms as a function
of their distance.
Different semiempirical correction schemes ontop of a
PBE-calculation and the vdW-DF are
used. For comparison, the potential
curve modelled according to Tang and
Toennis is shown as well. Based on
experimental results it is supposed to
reflect the true potential curve rather
accurately.

tance. The experimental value along with the potential curve modelled according
to Tang and Toennis [148] serves as reference. It is obvious that the D2 approach
already fails in predicting the interaction potential of a Xe-dimer. Due to its overestimation of the C6 coefficient (see Table 3.2) the D2 correction scheme overbinds,
whereas the D3 correction scheme leads to a good agreement with experiment.
For comparison, the interaction energies steming from the original vdW-DF are included, showing that it overbinds even stronger than the D2 approach.
Since in this section the performance of the different correction schemes with respect
to surfaces should be proven, the spurious dispersion coefficient for Xe in the D2
scheme was replaced by the C6 value of the D3 correction scheme. To account for
this deviation from the originial D2 approach, the correction scheme is denoted as
D2* in the following.
√
√
The Cu-Xe adsorption complex was modelled in a first step as (17 3 × 17 3)
overlayer structure of Xe atoms on Cu(111) to pretend the adsorption of an isolated
Xe atom on the surface. Different numbers of atomic layers are used to mimic the
Cu surface. Employing the parameters of the D2* correction scheme, the dispersive
interactions between the Xe atom and the surface atoms within one unit cell are
summed up, i.e. if only one layer of Cu atoms is accounted for, the interactions
between Xe and 1323 Cu atoms are evaluated.
The deviation of the D2*-1layer method from the accurate behaviour gets obvious,
when fitting a function of the form −A/(Z − B)x to the D2*-1layer potential curve
in the range of Z=[3.3 Å; 103.3 Å]1 (see Figure 3.8a). As expected, the fitted exponent x is a value close by 4. By increasing the number of atomic layers included
in the D2* method, x decreases, approaching almost the correct value of 3. The
remaining error can be ascribed to the fact that the number of lateral Cu atoms is
too low.
1

The value of 3.3 Å has been chosen as it corresponds to the sum of the van der Waals radii of
a Xe- and a Cu-atom as determined by the D2* correction scheme.
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Figure 3.8: In the range of Z=[3.3 Å; 103.3 Å] functions of the form −A/(Z − B)x or
−A/(Z − B)3 have been fitted to the pairwise additive dispersion correction scheme using
the parameters of the D2* method. In (a) the fitted parameter x is plotted as a function
of the atomic layers included to model the surface. Therefore 1323 lateral Cu atoms have
been employed. Panel (b) depicts the root mean square deviation (RMSD) of fitting the
function of the form −A/(Z − B)3 to the pairwise additive dispersion correction scheme
applied to a model consisting of 1, 5 or 10 atomic Cu layers. In (c) the model used to
calculate the dispersion correction term is shown.

To show the deviation from the correct Z −3 behaviour in a more quantitative fashion, Figure 3.8b shows the root mean square deviation of a function of the form
−A/(Z − B)3 from the potential curve of the D2* method including 1, 5 or 10 layers of Cu as a function of the total number of Cu atoms. By including a (sufficient)
large number of atoms, the deviation to the 5- or 10-layer model (about 5% at 8000
Cu atoms) gets smaller than the deviation to the 1-layer model (about 6.5% at 8000
Cu atoms). Moreover, while the deviation to the 1-layer model seems not to change
significantly anymore if more than 8000 Cu atoms are included, the errors of 5- and
10-layer models still decline remarkably.
Although the D2*-1layer ansatz is an approximation that violates the correct asymptotic form at large distances from the surface, it should be noted that the values

Table 3.4: Parameters of −A/(Z − B)3 obtained by a least squares fit to the potential
curve of the pairwise additive dispersion correction scheme D2* calculated with different
models for the surface in the range Z=[3.3 Å;103.3 Å]. For comparison the actual values
for the dispersion coefficient and the position of the dynamical image plane, taken from
Refs. [131, 134] and abbreviated as ZK and CZ respectively, are included as well.
D2*(5layers)
3

A (eV·Å )
B (Å)

6.50
0.75

D2*-1layer
3.73
1.06

3

Cv (eV·Å )
ZvdW (Å)

ZK

CZ

3.18
1.19

3.09
1.33
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Figure 3.9: The attractive potential energy steming from dispersion correction schemes
with different ways to account for the screening is plotted as function of the Cu(111)-Xe
distance. While in (a) the pure dispersion energy is considered, the energy curves in panel
(c) include the damping function. For comparison the dispersion potential according to
both Ref. [131] and Ref. [134] is included (Cv /(Z − ZvdW )3 ). The vertical dashed line
denotes the onset of the dispersion correction for the interaction between a Cu and a Xe
atom within the D2 scheme (R0AB =3.33 Å). In (b) the repulsive potential modelled by
DFT-PBE is shown.

A and B resulting from the fitting of −A/(Z − B)3 to the potential energy curve
of the D2* method are much closer to the values derived from the jellium model if
only one layer of Cu atoms is taken into account (see Table 3.4).
In particular when looking at the short range of the potential energy curve, the
success of the D2*-1layer method is undenyable. This is shown in Figure 3.9a
and Table 3.5: within the range of Z=[3.3 Å;8 Å] the potential curve of the D2*1layer method matches Cv /(Z − ZvdW )3 with the parameters of Chizmeshya and
Zaremba [134] or Zaremba and Kohn [131] much better (RMS error of 0.05% or
0.08%) than the D2* approach which uses 5 layers to simulate the surface (RMS
error of 0.33% or 0.28%, respectively).
A combination of the correct asymptotic behaviour at long range and the inclusion
of screening effects is given by the hybrid approach, that is explained in detail in
the next subsection. Using this C6 coefficient leads to a RMS deviation of 0.13% or
0.14% from the dispersion potential with the parameters of Ref. [131] or Ref. [134]
in the short range regime Z=[3.3 Å;8 Å].
In the region very close to the surface (Z=[0 Å;3.3 Å]), the dispersion correction
term is damped. Here, the difference between the unscreened (5layer model) and the
screened (1layer model or hybrid appproach) dispersion correction is even larger (see
Figure 3.9c). At very small distances from the surface the dominating contribution
to the overall interaction stems from the repulsive interaction that is described by
DFT. However, in the region between 2.5 Å and 3.3 Å, where the repulsive potential
due to the PBE functional is smaller than 0.8 eV, the behaviour of the dispersion
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Figure 3.10: The dispersion energy, calculated at different levels of theory within the D3
correction scheme, is plotted as a function of the distance between Xe and Cu(111) in (a).
In (b) the resulting minimum
√ positions of the potential energy curves of different methods
√
applied to Cu(111)-( 3 × 3)-Xe are shown.

correction term is still crucial. At a distance of 2.5 Å above the surface the screened
dispersive interactions amounts -0.3 eV, and the interaction energy due to the unscreened correction term is -0.4 eV at that distance. These differences do not only
influence the depth of the total potential well, but also its position. Yet, as the
actual form of the dispersive interaction is not known, actually even not defined,
within that regime, where the electronic density of the adsorbate and the surface
overlap, a distinction of one method over the other is not possible.
From a more fundamental point of view, the differences between the pairwise additive correction schemes and the exact theory of Zaremba and Kohn might be traced
back to the lack of many-body terms in the framework of DFT-D methods. They
are rather seldom accounted for in atomistic simulations, but might play a crucial
role if condensed phase systems are studied [149]. Although it is not validated for
many systems, the D3 correction scheme allows in a first approximation to evaluate
three-body terms according to the Axilrod-Teller formula [150] (furtheron termed

Table 3.5: Root mean square deviation of the potential energy curves of different dispersion corrections from −Cv /(Z − ZvdW )3 in the range Z=[3.3 Å;8 Å]. The parameters Cv
and ZvdW are taken from Refs. [131, 134] and abbreviated as ZK and CZ respectively.

D2*(5layers)
D2*-1layer
D-hybrid(5layers)

ZK

CZ

0.28
0.08
0.13

0.33
0.05
0.14
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D3-abc). Its impact is shown in Figure 3.10a. While the addition of higher multipolar contributions within the D3 correction scheme clearly lowered the interaction
energy, leading to an overestimation of the dispersion potential, the inclusion of
three-body terms counterbalances this effect to some extent, revealing the importance of many-body contributions for interactions between adsorbates and surfaces.
√
Finally,
to obtain the adsorption energies and distances of Xe adsorbing in a ( 3 ×
√
3) overlayer structure on Cu(111) the repulsive potential and the lateral Xe-Xe
interaction energy has to be added to the dispersion interaction of the Xe-atom
and the surface. The resulting values can be compared to the experimental results
(-0.19 eV, 3.60 Å) [145], that account for the zero point energy (see Figure 3.10b).
In their early study, Chizmeshya and Zaremba derived the repulsive potential from
a pseudopotential approach. As this potential was found to be too repulsive, the
resulting interaction was found to be too weak (-0.11 eV) [134]. By employing
scattering theory, Chizmeshya and Zaremba finally yielded a less repulsive function
leading to a total adsorption energy of -0.23 eV [136], that slightly overestimates
the absolute amount of the experimental value. Within this work, the PBE functional is used to describe the repulsion. In analogy to Ref. [134], it is added to the
attractive Z −3 dispersion potential multiplied with the suitable damping function
of Tang and Toennis [137]. Additionally, in order to account for lateral Xe-Xe inter−3
actions
√
√within the Z approach, the value of the interaction per atom within the
( 3 × 3)-Xe-layer obtained by the D2*-approach was added (-0.05 eV) to the interaction energy of the Xe-atom with the surface. The resulting interaction distance
and energy of this approach, termed PBE+vdW in Figure 3.10b), are 3.30 Å and
-0.24 eV, comparable to what has been obtained by Chizmeshya and Zaremba. A
similar approach was already suggested by Lazić et al., who combined both PBE
and PW91 calculations with the empirical Z −3 potential [147]. Their interaction
energy (-0.25 eV for PBE) and interaction distance (3.20 Å) agree rather well with
the previous mentioned ones.
By applying Grimme’s correction schemes (D2* and D3, using a 5layer model of
the surface) the interaction energy is, as already explained, largely overestimated.
Attributing this to the lack of screening effects, modified correction schemes have
been used, among them, the hybrid approach that actually hits the experiment
(3.6 Å, -0.19 eV). Besides, also the D2* approach including just one layer into the
dispersion correction leads to an equilibrium position (3.6 Å) and energy (-0.20 eV)
that is remarkably close to experiment. However, this is, at least partially, due to
an error compensation: the largely overestimated C6 coefficient (see Table 3.3) in
combination with the global scaling factor adjusting the dispersion correction to
the PBE functional, compensates the missing Cu atoms that are actually needed to
obtain the correct asymptotic behaviour. The corresponding method that derives
the parameter by a more sophisticated routine (D3-1layer), and thus leads to C6
coefficients that are closer to those of Zaremba and Kohn, is somehow further away
from experiment (3.7 Å, -0.23 eV). By adding three-body terms the performance of
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the D3 correction scheme can be improved (3.6 Å, -0.26 eV).
To sum up, semi-empirical dispersion corrections to DFT-calculation yield reasonable results in the field of interfacial chemistry, although they overestimate the
interaction with metallic surfaces. There are approximations to overcome their lack
of describing screening effects which on the example of Xe on Cu(111) have proven
to work surprisingly well.

3.3.2

Calculation of C6 parameters of metal atoms embedded in a
surface

In the following, it is explained, how the “averaged” C6 coefficients are obtained that
led to the good results of the hybrid approach regarding the Cu-Xe system. This
section has already been published in Ref. [24].
In this work, averaged C6 values of the metal atoms within surfaces are deduced
from molecule-surface systems via the hybrid QM:QM approach suggested by Tuma
and Sauer [144]. Their approach has already been applied to metal surfaces by Hu
et al. [151]. It employs both post-HF-methods and DFT to calculate the interaction
energy in small reference systems. The difference between the interaction energies of
the two methods is assumed to be the dispersion energy. By e.g. gradually increasing
the size of the reference system, the dispersion coefficients can be obtained by fitting
the energies according to the dispersion correction term to the energetic differences
of the electronic structure calculations.
As case study the adsorption of thiophene on nobel metal (111) surfaces (Cu, Ag,
Au) in a flat-lying orientation is chosen. The small reference systems, that are subject to both single-point MP2 and DFT-PBE calculations, consist of thiophene adsorbed on various small metal clusters with up to 22 metal atoms (see Figure 3.11a).
In those calculations, the cluster geometry was kept fixed and the spin was restricted
to the singlet state to pretend the metallic nature of the extended substrates. The
geometrical structures of the reference systems were cut from optimized metal substrate geometries obtained by periodic DFT-PBE calculations of thiophene adsorbed
on extended (111) surfaces. In principle, there are many different possibilities to
cut small clusters with a given number of atoms out of the extended surface. The
structures of the metal clusters used in this work, however, were chosen carefully,
since for some arbitrary shapes of the clusters convergency problems arose. Furthermore, for some clusters different electronic configurations of the metal have been
obtained, when, on the one hand, the pure metal cluster, and, on the other hand,
the adsorption complex was calculated.
In general, MP2 has an issue with describing metals: in conducting systems there
is a large number of electronic states close to the gap between the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO).
Therefore, the energetic difference in the denominator of the perturbation expan53
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Figure 3.11: In (a) the geometry of thiophene adsorbed on a Au-cluster is shown. The
graphs (b) and (c) reveal the interaction energy between thiophene and Au-clusters. In
(b), different post-Hartree-Fock methods were applied to the interaction of thiophene with
various Au-clusters. Here Au-x-y denotes a Au cluster where x atoms were taken from the
uppermost layer and y atoms were taken from the second layer of the slab. The LANL2DZ
effective core potential was used for all atoms. In (c), different basis sets for the atoms of
thiophene were used for MP2 and DFT-PBE calculations of the interaction energy between
thiophene and a Au-6-0 cluster. For the Au-atoms the LANL2DZ effective core potential
was used.

sion (see eq. (2.28)) gets small, slowing down the convergency. Consequently, the
viability of MP2 calculations concerning metallic clusters has to be verified and
the adsorption of thiophene on small Au-clusters has been computed by means of
further post-Hartree-Fock methods (MP3, MP4, CCSD, CCSD(T)). The results
are shown in Figure 3.11b. Compared to coupled cluster calculations, that perturbatively include triple excitations (CCSD(T)), MP2 overestimates the interaction
between the metal-cluster and the aromate. Yet, also the other post-Hartree-Fock
methods (MP3, MP4, CCSD) deviate at least as strongly as MP2 from the high
quality quantum chemistry calculation.
The calculations reported so far simply employ a double-zeta basis set for all atoms.
In the following, the impact of the basis set on the overestimation of dispersion
effects in MP2 calculations is shortly described. Therefore, the interaction between thiophene and a Au-dimer as smallest model has been computed using CCSD
and MP2 in connection with various Gaussian type basis sets (6-31G, 6-311G, 6311G(d,p), 6-311G+(d,p)). A simple trend can be observed: by enhancing the basis
set, the difference between the interaction energy calculated with CCSD and the interaction energy calculated with MP2 increases. For instance, when going from a
double to a triple valence basis set, the difference in the interaction energies increases
by 3 meV, from 6.9 meV to 9.9 meV. The influence of polarization functions is even
larger: employing the 6-311G(d,p) basis set, the difference between the interaction
energy of CCSD and the interaction energy of MP2 already amounts 33.5 meV.
Diffuse functions hardly affect this energetic difference: it increases by 0.7 meV, if
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the 6-311G+(d,p) basis set is used. Overall, employing the largest basis set of this
study, the MP2 calculation overestimates the interaction energy compared to the
CCSD calculation by 34.2 meV. This corresponds to 28% of the CCSD interaction
energy. CCSD in turn was found to underestimate the interaction between thiophene and a Au-dimer compared to couple cluster calculations that include triple
excitations (see Figure 3.11b). Thus, the error of 28% of MP2 compared to CCSD
might be understood as a rough estimate of the maximum deviation.
In total, though MP2 is generally not an appropriate method to describe metals, it
has proven to be able to deal with small Au clusters. This ability might be rationalized from the fact that small metal clusters still have discrete energy levels and thus
a finite HOMO-LUMO gap. Consequently, applying perturbative methods for such
systems is doable. Yet, one should keep in mind, that MP2 tends to overestimate
dispersive interactions.
Finally, the difference between MP2 and PBE interaction energies is to be calculated. Therefore, an appropriate basis set has to be found. Test calculations
employing thiophene ontop of a 2D Au-cluster composed of six atoms have been
carried out using both MP2 and PBE in connection with different basis sets. While
PBE interaction energies are hardly affected by the size of the basis set, the MP2
interaction energies strongly increase, if the number of basis function is enhanced
(see Figure 3.11c). Besides the need for triple valence basis sets and polarization
functions, also the augmentation with diffuse functions seems to be important for
the interaction energy calculated by means of MP2. Thus, whenever doable, Dunning’s correlation consistent triple-zeta basis set augmented with diffuse functions
(aug-cc-pVTZ) is recommended to be used for calculating the difference between
MP2 and PBE interaction energies in such systems.
For thiophene adsorbed on Cu, Ag and Au clusters the difference between the interaction (or adsorption) energy of a MP2 calculation and of a DFT-PBE calculation
(Ead (M P 2) − Ead (P BE)) is shown in Figure 3.12 as a function of the number of
metal atoms in the cluster. Besides, panel c reveals the influence of the basis sets
used to describe the atoms of thiophene and the influence of different effective core
potentials modelling Au atoms. The convergency study concerning basis sets affirms the trend observed in small test systems already: augmenting the basis set
of the atoms of thiophene with diffuse functions leads to a distinct increase in the
interaction energy. In contrast, the impact of the actual effective core potential used
to describe the metal atoms seems to be comparably small. Thus, for thiophene on
Cu and Ag only the aug-cc-pVTZ basis set has been used and the wavefunction of
metal atoms is modelled with the help of the LANL2TZ effective core potential.
Pursuant to the hybrid QM:QM approach, the metallic dispersion coefficients C6
can be obtained by a least squares fitting of the dispersion expression given in
equation (3.18) to the curve of the energetic differences Ead (M P 2) − Ead (P BE).
The resulting values are 63.8 eV·Å6 for Cu, 187.3 eV·Å6 for Ag and 220.2 eV·Å6 for
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Figure 3.12: Least squares fitting of Edisp (blue curve) to Ead (M P 2) − Ead (P BE) (black
curves) for thiophene adsorbing on a) Cu-clusters, b) Ag-clusters and c) Au-clusters. In (c)
various effective core potentials for Au-atoms and different basis sets for the atoms of the
thiophene molecule are shown, while in (a) and (b) the LANL2TZ effective core potential
was used for the metal atoms and the augmented correlation consistent basis set of Dunning
(aug-cc-pVTZ) was used for the thiophene atoms. Connecting lines are just a guide to the
eyes.

Au. All other parameters of equation 3.18 were taken from Ref. [90] and kept fixed.
These values for the metallic C6 coefficients are contrasted to values deduced from
the schemes of Grimme in Table 3.6. According to Grimme’s D2 method, C6 coefficients of transition metals are obtained as average of the C6 parameters of the
preceeding rare gas and the following group III elements. The C6 values obtained
this way are by factors of 1.8 (Cu), 1.4 (Ag) or 2.8 (Au) larger than the parameters
deduced from the hybrid approach. If the C6 coefficients of transition metals are
calculated explicitly according to the Grimme scheme, the deviation is even stronger
(300% for Cu, 113% for Ag, 154% for Au). Interestingly enough, the C6 coefficients
of the D2 approach compare well with C6 parameters derived from a Lennard-Jones
6-12 potential ansatz that describes not only the dispersive but the total interaction
in bulk metals [152, 153]. This might be a first indication that the C6 parameters
deduced from atomic properties probably exaggerate the actual C6 parameters in

Table 3.6: C6 coefficients for metal-atoms calculated with different methods (in eV·Å6 ).

hybrid approach [144, 151]
D2 approacha
D2 approach, averagea ,b
D3 approach [91]
a
b
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Cu

Ag

Au

64
256
112
104

187
398
256
160

220
558
615
190

UDFT-PBE0/QZVP computations (see [90])
average of preceeding group VIII and following group III element (see [90])
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metallic surfaces.
In contrast, the metallic C6 parameters of the most recent approach of Grimme (D3)
get close to the values obtained by the hybrid approach. Grimme’s D3 parameter
only deviate by 63% for Cu and 14% for Ag and Au. Additionally, in a recently
published study [154], the C6 parameter of Au has been obtained by fitting the
expression of dispersive interactions to the known Cv /Z −3 interaction between a
molecule and a surface. The resulting C6 parameter of Au (179.2 eV·Å6 ) reported
in Ref. [154] is very similar to the C6 parameter of Au deduced from the hybrid
approach.
Further comparison between different ways to account for dispersion effects in surface related problems is drawn in the next chapter, where the DFT-D correction
is applied to the adsorption of molecules using the different sets of calculated C6
coefficients.
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Physisorption of molecules on
metallic surfaces
Large organic molecules used in organic electronics or host-guest networks are often
built up by simple molecular building blocks such as benzene, thiophene, pyridine
units. These small aromates can be seen as models for a discussion of the interactions
occuring in such systems. In particular their adsorption on noble metal surfaces has
been studied in detail both experimentally and computationally. Experiments have
shown that benzene interacts weakly with (111) surfaces of noble metals [155–157].
It adsorbs in a flat-lying manner and forms ordered (3 × 3) overlayers [158]. Heteroaromates, like thiophene or pyridine, were found to undergo a potential or coverage driven phase transition when they are adsorbed on noble metal (111) surfaces
from solution [20, 159–163] or under high vacuum conditions [21, 164–168]: in the
low coverage regime the heteroaromate adopts a flat-lying conformation while upon
increasing the coverage a tilted or vertical orientation was observed. Among other
overlayer
√
√ structures [169–171], a (3 × 3) unit cell for the low coverage phase and a
( 3 × 3)R30◦ unit cell for the high coverage phase have been reported [20, 21].
Calculations of such systems based on DFT are often able to recover structural motifs of the 2D networks formed by hydrogen bonds [172], but on the other hand they
reveal significant discrepancies with experiments, in particular concerning adsorption energies [173–175]. The largest portion of this disagreement is usually ascribed
to the failure of commonly used DFT functionals to correctly account for dispersion
effects.
In the following sections dispersion corrected DFT calculations are employed to
the physisorption of organic molecules and their impact on both the adsorption
properties of isolated molecules and the structure formation is revealed.
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Figure 4.1: Side and top view of DFT-PBE optimized structures of (a) benzene, (b)
pyridine and (c) thiophene on Au(111). The adsorption distance Z and the inclination
angle ϑ are indicated.

4.1

Adsorption energies and geometries

In order to study the adsorption properties of aromatic molecules at low coverage,
the DFT-PBE-optimized, flatly lying configurations (shown in Figure 4.1) have
been taken as starting point. In agreement with other theoretical studies, these
flat configurations turned out to be the most stable structures for thiophene and
benzene [173] in a (3 × 3) overlayer structure on Au(111), whereas for pyridine [174]
on Au(111) the horizontal orientation of the molecule only seems to be a meta-stable
state, as a vertical orientation with the N-atom pointing towards the surface is 0.22
eV more stable. A more detailed description of the adsorption geometries obtained
by DFT-PBE-calculations has been reported before [23]. On other closed packed
noble metal surfaces (Ag(111) , Cu(111)) the structural properties of the adsorption
of these small aromates are very similar.
The previously mentioned failure of pure DFT-GGA-calculations in predicting correct adsorption energies for such systems is revealed in Figure 4.2 which shows the
potential energy curves of thiophene approaching noble metal (111) surfaces. In order to obtain these curves, the adsorption geometries of PBE-optimized adsorption
complexes have been kept fixed, while the distance to the surface is varied.
Pure PBE-calculations underestimate the experimentally determined desorption energies by an order of magnitude. As this discrepancy might be due to the missing
description of dispersion forces, the semi-empirical dispersion correction schemes
(DFT-D) introduced in the previous chapter have been applied to these systems as
well.
Indeed, Figure 4.2 reveals that a dramatic improvement of calculated adsorption
energies can be achieved if dispersive interactions are accounted for. The DFT-D
methods predict adsorption energies of thiophene in the range of -0.87 to -0.61 eV
on Cu(111), -0.81 to -0.58 eV on Ag(111) and -1.25 to -0.68 eV on Au(111). These
calculated values get fairly close to the experimentally determined values (-0.59
eV [164] for Cu(111), -0.52 eV [165] or -0.56 eV [176] for Ag(111) and -0.57 [21] or
-0.68 [166] for Au(111)).
Furthermore, the graphs show, that not only the well depths of the interaction potentials, but also their positions are shifted from about 3.00 Å on Cu(111) and 3.40 Å on
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Figure 4.2: Potential energy surfaces of thiophene on (a) Cu(111), (b) Ag(111) and (c)
Au(111) as a function of the distance between the S-atom and the surface (Z) calculated with
different methods and compared to the range of experimental values taken from Refs. [21,
164–166, 176]. Adsorbate geometries, optimized by PBE-calculations, have been used for
all calculations. Connecting lines are just a guide to the eyes.

Ag(111) and Au(111), obtained by pure PBE calculations, to much lower values of
2.40-2.50 Å, 2.80-3.00 Å and 2.75-3.00 Å (for Cu(111), Ag(111) and Au(111), respectively), if dispersive interactions are included. For the adsorption of thiophene
on Cu(111) the distance between the sulfur atom and the Cu surface was measured
as well: normal incidence X-ray standing wavefield absorption (NIXSW) revealed a
Cu-S separation of 2.62 ± 0.03 Å [164] and by S K-edge X-ray-absorption fine structure measurements (NEXAFS) the distance was found to be 2.50 ± 0.02 Å [177].
Thus, also regarding the adsorption distances, DFT-D methods agree rather well
with experiments.
However, both the dispersion corrected interaction distance and the adsorption energies are to some extent sensitive to the actual version of the semi-empirical dispersion correction scheme that is applied. In particular the calculated adsorption
energies show large variations with respect to different DFT-D flavours. Analogously to the adsorption of Xe on Cu(111), the corrections of Grimme (D2, D3)
tend to overestimate the interaction energies, probably because the metallic screening of the electrodynamical interactions is not accounted for. In particular, the D2
correction scheme which calculates C6 coefficients on the basis of atomic properties
fails tremendously in case of the Au surface. For the surfaces of the heavier elements (Ag, Au), some improvement can be achieved if environmentally dependent
C6 coefficients are employed (D3 approach). A better agreement with experiment
can also be obtained by the above explained methods that approximatively account
for screening effects, i.e. either by including only the atoms of the uppermost layer
of the surface for the evaluation of the dispersion forces (1-layer method) or by
calculating an averaged C6 coefficient for all metal atoms with the help of quantum
chemical calculations (hybrid approach).
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Figure 4.3: Adsorption distances and energies of benzene, pyridine and thiophene on (a)
Cu(111), (b) Ag(111) and (c) Au(111) calculated with different approaches of semi-empirical
dispersion correction schemes. The results of the vdW-DF are taken from Ref. [178], experimental results stem from Refs. [21, 155–157, 164–168, 176, 179, 180].

Similar potential energy curves are obtained if the adsorption of other aromates on
noble metal (111) surfaces is studied. Figure 4.3 summarizes the calculated and
experimental adsorption energies and distances of benzene, thiophene and pyridine
adsorbed on Cu(111), Ag(111) and Au(111). Here, the molecule’s atoms were allowed to relax, which leads to an additional stabilization of about 40 meV and slight
changes in the adsorption geometry (see Table 4.1).
In total, DFT-D methods yield adsorption energies that are in the same range
as experimental values. The deviation is comparable to the deviation of laborious
vdW-DF calculations, in particular, if screening effects are included in an approximative manner (D-hybrid, D2/3-1layer). Concerning the adsorption distances, the
results of semi-empirical dispersion correction schemes are close to the experimentally determined values for thiophene on Cu(111), but they differ strongly from the
equilibrium molecule-metal separation predicted by the vdW-DF for e.g. benzene
adsorbed on noble metal surfaces.
It should be noted, that the adsorption energies shown in Figure 4.3 are not corrected
for zero point energies, that were calculated to be in the range of 50-80 meV for
benzene on Au(111), Ag(111) and Cu(111) [140]. Furthermore, with respect to the
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comparison between experiment and theory, it is fair to say that there is also some
variation in the experimental desorption energies that are measured by different
groups and derived in different ways from the desorption temperature. Especially
the actual value of the pre-exponential factor, which is usually just estimated to be
about 1013 s−1 , seems to be crucial.
Bearing all these uncertainties in mind, a very detailed comparison between experiment and theory that might be used as justification for the application of dispersion
correction schemes is probably not viable. Nevertheless, the results of most DFT-D
methods are obviously in the right ballpark. Thus, the semi-empirical dispersion
correction schemes have at least proven that they can serve as an approximate
method for describing the adsorption properties of physisorbed systems at metallic surfaces, where pure GGA-functionals fail markedly. In the next section their
impact on electronic properties is studied.

4.2

Electronic properties

At first glance calculations of the electronic properties of equilibrium structures
obtained by methods that augment the Kohn-Sham Hamiltonian only by a distance
dependent term seem to be unfeasible. However, although semi-empirical correction
schemes for dispersion forces have no direct impact on the electronic density, they
alter the electronic properties indirectly, as they have a markable influence, e.g. on
the equilibrium distance of adsorbate systems (see above). Additionally, by applying
a self-consistent implementation of the vdW-DF, Thonhauser et al. showed that
the dynamic changes of the charge density leading to the vdW-interactions hardly
affect the static electronic density [104]. This finding does not only justify the
common application of the vdW-DF in a post-SCF manner, but also allows a first
approximation for assessing the electronic properties at the equilibrium position
determined by the DFT-D approach: they might be simply studied by common
GGA-calculations, which, despite of their incorrect long-range behaviour, turned out

Table 4.1: Inclination angle ϑ of adsorbed heteroaromates (in ° ) determined by different
methods.

PBE
PBE-D2
PBE-D2-1layer
PBE-D3
PBE-D3-1layer
PBE-D-hybrid

Cu(111)

pyridine
Ag(111)

Au(111)

Cu(111)

81.32
86.15
85.11
86.92
87.59
84.73

85.90
82.81
81.56
81.13
81.32
81.34

80.87
88.31
88.28
81.94
81.89
87.18

68.84
83.69
82.44
81.07
79.97
83.61

thiophene
Ag(111) Au(111)
82.57
90.93
91.77
86.58
86.18
91.43

82.64
89.25
87.82
85.63
85.77
88.39
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Figure 4.4: In (a) the electrostatic potential of the (3×3) overlayer structure of benzene
on Cu(111) is depicted including the workfunction of the bare metal φ0 and of the adsorbed
system φ. In (b) both the adsorption distance Z according to PBE and PBE-D3-1layer
calculations and the workfunction change ∆φ due to the adsorption of benzene on different
noble metal (111) surfaces, determined at the respective equilibrium position Z is shown.
Following the recipe of Ref. [178] the workfunction change has been scaled by a factor
that takes the slight deviations from the experimentally observed coverages [184–186] into
account. For comparison experimentally determined workfunction changes, taken from
Ref. [156, 187], are included as well.

to be able to describe the electronic properties of systems rather accurately, e.g. they
reproduce reliably experimentally measured workfunction changes of physisorbed
systems as long as the calculated adsorption distance is correct [125, 181–183].
Concerning the adsorption of benzene on noble metal (111) surfaces the adsorption
distances obtained by the DFT-D methods were found to deviate significantly from
the interaction distances determined with the vdW-DF. While the semi-empirical
dispersion correction schemes reduce the equilibrium distances by about 0.40-0.96 Å
compared to the corresponding values of pure PBE-calculations, the vdW-DF seems
to have no impact on the adsorption distance at all [178]. As there is no direct experimental measurement of the adsorption distance of benzene on closed packed surfaces of coinage metals, the comparison of the workfunction changes determined by
PBE-calculations at different distances with the experiment might help to estimate
the accuracy of the different calculational methods. Therefore, the workfunction
change due to adsorption has been calculated as
∆φ = (φ − φ0 )

θexp
θ(3×3)

(4.1)

where φ denotes the workfunction of the bare metal and φ0 is the workfunction of
the adsorption complex. The factor θexp /θ(3×3) accounts for the slight mismatch
of the experimentally determined coverages θexp [184–186] and the coverage of one
molecule per (3×3) surface unit cell used for the calculations θ(3×3) . The results are
summarized in Figure 4.4. Due to the closer position of benzene on noble metal sur64
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Figure 4.5: Contour plot of the charge density difference of the adsorption of thiophene on
Au(111) at the equilibrium distance determined with (a) PBE and (b) PBE-D-hybrid. The
minimum and maximum charge density difference is given in e/Å3 . The dashed horizontal
lines denote the position of the S-atom obtained with PBE and PBE-D-hybrid.

faces obtained because of dispersive interactions a much stronger reduction of the
workfunction is achieved and the deviation to the experimentally observed workfunction changes [156, 187] diminishes. This finding strongly suggests that with
respect to calculated adsorption distances the semi-empirical dispersion correction
schemes outperform the vdW-DF, which hardly affects equilibrium distances obtained by pure GGA-functionals and consequently does not alter the workfunction
changes [178]. The overestimation of the interaction distances obtained by the vdWDF was already observed by Dion et al. for rare gas dimers. They referred that
deficiency to the too repulsive revPBE functional used within the vdW-DF [84]. Additionally, nearly reproducing the experimental workfunction changes at the DFT-D
equilibrium distances indirectly affirms the nice agreement between the experimentally deduced adsorption distance and interaction distances determined by DFT-D
methods for thiophene on Cu(111), as discussed before.
Thus, DFT-D methods seem to predict reliable adsorption distances and the influence of the closer equilibrium distances on further electronic properties can be
discussed.
Taking the adsorption of thiophene on Au(111) as example, the redistribution of
the charge density due to the adsorption process can be calculated according to
∆ρ = ρtot − ρAu − ρth

(4.2)

whereby the geometry of the optimized adsorption complex is taken to evaluate
the charge density of the total system (ρtot ), the charge density of the clean surface (ρAu ) and the isolated molecule (ρth ). Figure 4.5 compares contour plots of
the charge density differences calculated at the PBE equilibrium position and at
the adsorption distance determined by the dispersion corrected PBE-D-hybrid calculation. Qualitatively, both charge density differences are alike. Looking at the
numbers of the maximal and minimal charge density difference, however, clearly
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Figure 4.6: Average charge density difference in the xz-plane taken at the surface for
the equilibrium adsorption distance of pyridine on Au(111) derived from DFT (full
line) and DFT-D (dashed line) calculations.
The averaged region extends over the whole
unit cell in x-direction and over 5 Å around
the uppermost Au-layer in z-direction. The
inset shows a two-dimensional cut through
the total electronic density of pyridine adsorbed on Au(111). The vertical lines assign the position of the N-atom and the opposing H-atom.

reveals that much more charge is shifted from the region close to the Au surface
and the molecule to the region in between the two reactants, when the molecules is,
due to van der Waals interactions, closer to the surface. So, in an indirect fashion,
dispersion interactions actually lead to an increase of the covalent character of the
thiophene-Au(111) bond. Still, the amount of charge, redistributed due to adsorption, is much smaller than e.g. for the adsorption of thiolate molecules, going along
with the smaller adsorption energies. The same qualitative trend is also observed for
other aromates (benzene, pyridine) on closed-packed noble metal surfaces, although
the contribution of the covalent character to the total binding is much smaller. In
those cases, the most pronounced changes in the charge densities due to adsorption
occur in the regions close by the surface or the molecule but hardly any differential
charge density is observed in the region inbetween [24].
As far as pyridine is concerned, its rather strong dipole moment of 2.22 D (according
to a PBE-calculation employing the aug-cc-pVTZ basis set), might be the reason
for dipole-dipole forces that contribute to the adsorption. The dipolar character
of pyridine is reflected in the inset of Fig. 4.6: a cut through the total density
of pyridine adsorbed on Au(111) is shown. The cutplane is perpendicular to the
molecular plane and contains the C2 axis of the molecule. In the region close by the
N-atom charge accumulates. Beneath, the average of the electronic charge density
difference in the xz-plane in the region of the Au surface along the C2 symmetry
axis of pyridine is shown. In total, charge is shifted to that region due to adsorption.
However, the distribution of the charge is not uniform. While less charge density can
be found in the region underneath the N-atom, charge accumulates in the region
beneath the other end of the molecule. So, in the surface, a dipole of opposite
direction compared to the orientation of the dipole of pyridine emerges and dipoledipole interactions can occur. Looking at numbers suggests that these interactions
are of minor importance only. To some extent the dipole-dipole interactions are
enhanced, if the molecule gets due to dipersive interactions closer to the surface [24].
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4.3

Structure formation

As the potential energy surface of the physisorbed (aromatic) molecules on noble
metal (111) surfaces is only weakly corrugated [23], diffusion processes are easily
possible and due to intermolecular interactions structure formation can occur when
the molecular coverage at the surface increases. If e.g. strongly electronegative
heteroatoms are involved, extended aromatic molecules might arrange within 2D
networks because of hydrogen bonds inbetween the molecules [16, 188]. On the
other hand, the interaction between small heteroaromates also leads to densely
packed structures composed of upright standing molecules [20, 21]. While the latter
obviously strongly depends on dispersive interactions, the former is to the vast
majority an electrostatic effect which should not be influenced by dispersive forces
to such a large extent. In the following some light is shed on the impact of dispersive
interaction on both types of structures with the help of DFT-D calculations.

4.3.1

2D network formation: H-bonds and dipole-dipole interactions

Pure DFT-GGA-methods often give a good description of electrostatic interactions
such as hydrogen bonds between molecules. In particular the PBE-functional is able
to reproduce water properties rather well [189–192]. Using the linear hydrogen bond
between two water molecules as an example it has been shown, that the pure PBEfunctional already yields a reasonable energy curve, whereas an error of about 15% is
introduced by adding dispersive interactions (see Figure 3.2c). Thus, the appliance
of dispersion correction schemes seems superfluous as it might even deteriorate the
agreement between experiment and theory.
In contrast, the interaction between physisorbed molecules and metallic surfaces
is largely underestimated by the pure PBE-functional, as shown in the previous
sections. Hence, in order to be able to apply the DFT-D methods universally to
the whole system, in which both adsorbate-adsorbate and substrate-adsorbate interactions occur, the influence of dispersion correction schemes on hydrogen bonded
systems on metallic surfaces needs to be studied in detail.
To show the influence of the actual GGA-functional, not only the PBE-functional
but also a related exchange-correlation functional, namely its revised version (RPBE)
of Hammer, Hansen and Nørskov [193], will be used in this section. As model system, the textbook example of hydrogen bonds is employed: water.
The study described in the following paragraphs has been published already, see
Ref. [25].
Both in bulk ice and in water structures formed at surfaces H-bonds are responsible
for the ordering. The most stable structure of bulk ice is a crystal of hexagonal
symmetry in which water molecules might be arranged as proposed by Bernal and
Fowler (see Figure 4.7a) [194]. On different metal surfaces, water has been found
to form 2-dimensional ice-like hexagonal structures at low temperatures under high
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Figure 4.7: Models used for the calculations: (a) shows the Bernal-Fowler model [194]
of the hexagonal phase of bulk ice (Ih ), whereas (b) and (c) depict the simple H-up and
H-down model assumed for ice layers on metallic surfaces.

vacuum conditions [195–197]. Two very simple models of such structures are depicted in Figure 4.7b) and c), where every second water molecule is oriented in a way
that one hydrogen atom is either pointing away from the surface (H-up structure, b)
or towards the surface (H-down structure, c). Pursuant to calculations employing
the PBE- or RPBE-functional, the H-down structure turns out to be more stable
than the H-up structure at metallic surfaces.
The adsorption energies of water in the H-down structure on different metal (111)
surfaces calculated with different methods are shown in Figure 4.8. Though the adsorption energies calculated by means of the PBE-functional are about 0.10 to 0.17
eV larger than the corresponding values deduced by means of the RPBE-functional,
both GGA-functionals agree qualitatively: the absolute value of the molecular cohesive energy of bulk ice is remarkably larger than the absolute value of the adsorption
energy of a water molecule in the H-down bilayer on any of the considered surfaces.
This well-known result [189, 198–201] implies that water bilayers are thermodynamically unstable on all of the studied metal surfaces. In contrast, experiments
found only the noble metal surfaces to be non-wetting surfaces, on Pd and Pt (111)
surfaces water structures have indeed been observed [197].
The puzzling discrepancy between theory and experiment is widely discussed [202,
203]. On the one hand, it might be explained by the assumption, that the water
bilayers observed in experiments at low temperatures are no real thermodynamical equilibrium structures, but only correspond to metastable, kinetically trapped
structures. On the other hand, there might also be a significant influence of dispersive interactions that is neglected in the vast majority of DFT-calculations dis68
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Figure 4.8: Calculated adsorption energies of the H-down structure on closed packed
surfaces of different metals employing (a) the PBE and (b) the RPBE density functional.
The adsorption energies obtained by taking dispersive interactions into account (D3) are
included as well. For comparison the lattice energies of bulk ice (per molecule) are shown.

cussed so far. For this reason, dispersive interactions have been included into the
description of the water systems according to the semi-empirical correction scheme
parametrized by Grimme in 2010 (DFT-D3). The screening of the metallic surface is approximated by taking only the uppermost layer of the metal into account
(1layer method), as this method turned out to work reasonably well for describing
the physisorption of aromates on noble metal surfaces (see previous section).
Accounting for dispersive interactions in such a manner, the adsorption energies
of water bilayers on the Pd and Pt (111) surface get comparable to the bulk ice
lattice energy. At the same time, the agreement between experiment and pure
DFT-GGA-calculations regarding the non-wetting character of Ag and Au (111)
surfaces is preserved, since the dispersion corrected adsorption energies of water on
these surfaces are still about 0.15-0.17 eV (PBE-D3) and 0.08-0.09 eV (RPBE-D3)
smaller than the cohesive energy of the hexagonal phase of bulk ice. Hence, van
der Waals interactions seem to be an important factor for the adsorption energy of
water in bilayer structures on metallic surfaces. Indeed, they make up 26-30% in
PBE- and 40-47% in RPBE-calculations. Note, that adding dispersive interactions
also reduces the difference between the adsorption energies of the PBE- and the
RPBE-functional (∆Ead <0.07 eV). Yet, a subtle distinction remains: according to
the PBE-D3 method water bilayers on Pd and Pt (111) surfaces are still about 0.05
eV smaller than the lattice energy of bulk ice, whereas the results of the RPBE-D3
method suggest these systems to be as stable as bulk ice.
Already in 2005, Feibelman pointed at the crucial role van der Waals forces play in
water structures at metallic surfaces. He made use of the similar polarizabilities of
a Ar-atom and a H2 O-molecule and estimated the vdW-energy of the water-metal
systems to be similar to the vdW-interaction of an Ar-atom with the respective
metal surface [204]. Recently, it could be proven that water structures on Cu(110),
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Ru(0001) [117] and Rh(111) [205] are indeed thermodynamically stable, if dispersive
interactions are considered in the calculation. In those studies different flavours of
the vdW-DF [84, 103] have been applied. However, the results presented in this
work are not only an extension of the water-metal systems studied, but also show,
that, instead of the laborious vdW-DF, computationally inexpensive semi-empirical
dispersion correction schemes might be used to get correct qualitative trends.
To analyze the interactions occuring at the surface in some more detail, the total
adsorption energy is split into energetic contributions steming from the water-metal
Eint (Me − H2 O) = Etot − (Esurf + Elayer )

(4.3)

and the water-water interactions
Eint (H2 O − H2 O) = Elayer − 2sEmol .

(4.4)

Here Elayer corresponds to the energy of the water-layer in its geometry obtained
by optimizing the metal-water system. Etot , Emol and Esurf denote the energies of
the total system, the isolated water molecule and the clean surface, respectively.
These two energetic contributions are affected by dispersive interactions to different degrees: while dispersion has a strong impact on the water-metal interaction
(enhancement by a factor of 2.5 to 5 for the PBE- and by a factor of 17 to 23 for
the RPBE-functional), the influence on the water-water interaction is comparably
small (enhancement by a factor of 1.03 to 1.08 for the PBE- and a factor of 1.10 to
1.22 for the RPBE-functional).
Besides, analyzing the energetic contributions also reveals some more details about
the differences in the adsorption energies obtained by the nondispersion corrected
PBE- and RPBE-functional. Regarding the water-water interaction within the Hdown layers the two GGA-functionals hardly differ: PBE yields an only slightly
larger adsorption energy (-0.40 eV) than RPBE (-0.33 eV). A stronger variation is
observed in the relation of the water-metal interaction energies calculated by means
of the PBE- and the RPBE-functional: PBE leads to distinct larger water-metal
interaction energies. In particular the interaction between water bilayers and Pd or
Pt (111) surfaces is an order of magnitude stronger when being calculated by means
of the PBE-functional.
Furtheron, quantum chemistry calculations of small model systems are employed
to gain a deeper understanding of the accuracy of DFT and dispersion corrected
DFT calculations regarding the different interactions in water-metal systems. Using
simple molecule–molecule or metal-atom–molecule dimers, various DFT-functionals
(with and without dispersion corrections) are compared to CCSD(T) calculations
(see Figure 4.9).
As shown before, regarding the water-water interaction, there is nearly no difference
between the coupled cluster and the PBE potential energy curve (deviation<4%).
By mixing exact exchange to PBE (PBE0 [206]), the result is quite similar. This
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Figure 4.9: Interaction energy of a water-dimer (a) and between a water molecule and
a Pd atom in different configurations (b+c). The Pd atom was restricted to the singlet
state. The calculations have been done using either GAUSSIAN03 (for CCSD(T), PBE0)
in connection with the local basis set aug-cc-pVTZ and LANL2TZ or VASP (for RPBE,
PBE) in connection with the PAW method.

achievement of the PBE-functional is also reflected when comparing the calculated
lattice energy of bulk ice in the hexagonal phase (-0.64 to -0.71 eV [205, 207], this
work: -0.67 eV) to the experimental value (-0.61 eV [198], the zero-point energy
is removed to allow direct comparison). Thus, although dispersive interactions are
missing, the DFT-functionals PBE and PBE0 seem to be able to give a reliable
description of water systems. The success might be ascribed to the fact that the
interaction is mainly of electrostatic nature, that is described reasonably by DFT
methods. Additionally accounting for dispersion effects worsens the agreement with
coupled cluster calculations and experiment: PBE-D3 and PBE0-D3 overestimate
the water-water interactions by about 13% and the lattice energy of bulk ice is
overestimated by about 25%, if PBE-D3 is employed.
However, dispersive interactions are omnipresent and adding dispersion corrections
to methods that by definition do not account for such effects, should rather improve, but in no case deteriorate the description of any system. Consequently, the
pure PBE- and PBE0-functionals themselves should not be able to reproduce the
interaction of water dimers so perfectly and their agreement with quantum chemical
calculations seems to be accidently. This statement coincides with previous studies
of water-water interactions: Santra et al. showed that for several small water clusters PBE tends to overemphasize linear hydrogen bonds [116] and thus compensates
the missing contribution of dispersion [117].
A better performance is obtained, if the dispersion corrected RPBE-functional is
used. While the pure RPBE-functional underestimates the water-water interaction
energy by about 17% compared to the CCSD(T) result, the dispersion corrected
version (RPBE-D3) gets rather close to the interaction energy obtained by means
of coupled cluster calculations. The overestimation amounts only about 6%. In
accordance, the absolute amount of the lattice energy of bulk ice is underestimated
by 0.11 eV, if the pure GGA-functional is used. If dispersion interactions are consid71
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ered, a good agreement with experiment is obtained: the calculated lattice energy
(-0.65 eV) deviates only by 0.04 eV from experiment.
In order to model the interaction between water and the Pd-surface, a Pd-atom is
used as simplest model. Its spin state is restricted to the singlet state. The interaction between the metal atom and the water molecule is largely overestimated by
the PBE-functional. Depending on the orientation of the water molecule relative to
the metal atom, the interaction energy is overestimated by 0.24 eV (Figure 4.8b) or
0.08 eV (Figure 4.8c). In both cases this corresponds to a doubling of the CCSD(T)
interaction energy. Less deviation is obtained if the PBE0-functional or the RPBEfunctional is used. They overestimate the interaction of the water-Pd dimer shown
in Figure 4.8b only by 50-60 meV (25-30%). For the “H-down” orientation of the
water-molecule, shown in Figure 4.8c, the results of the RPBE-functional get even
closer to the CCSD(T) potential energy curve: in this case, the interaction energy
is underestimated by 14 meV (16%). Finally, for both orientations of the water
molecule relative to the Pd atom, the best agreement with CCSD(T) results is obtained, if the dispersion corrected RPBE-functional (RPBE-D3) is employed. Its
errors which are about 0.09 or 0.03 eV (for the respective orientation of H2 O shown
in Figure 4.8b and c) are much smaller than the error of PBE or PBE0 calculations.
For both orientations of the water molecule PBE and PBE0 overestimate the interaction already and thus adding any dispersion corrections only leads to a further
worsening of the agreement between quantum chemical calculations and DFT.
To sum up, among the different (dispersion corrected) exchange-correlation functionals studied, the RPBE-D3 method yields the most reliable description of both
the intermolecular water-water interaction and the interaction between the water
molecule and a metal atom. Water bilayers on Pd and Pt(111) are calculated to
be of comparable thermodynamical stability as bulk ice, if the dispersion corrected
RPBE-functional is used. Furthermore, using RPBE-D3, the calculated lattice energy of bulk ice is close to the experimentally determined value. A rather accurate
description of the water-water interaction is also obtained by pure PBE-calculations,
however, as dispersion effects are missing, for the wrong reason. The water-metal
interaction, in contrast, is overestimated by PBE-calculations. Consequently, applying any dispersion correction scheme to PBE inevitably leads to a worsening of
the description of both types of interactions. However, the additional contributions
of dispersion effects affect bulk ice and water bilayers to varying degrees. This way,
nearly comparable values of the total adsorption energy of water bilayers on Pd
or Pt(111) surfaces and the lattice energy of the hexagonal phase of bulk ice are
obtained. Quantitatively, these values are far too large, as shown by comparison to
the experimentally determined cohesive energy of ice.
Finally, the adsorption of water on metal surfaces does not only serve as model
system for H-bonded structures in general, but also plays an important role in elec72
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Figure 4.10: Calculated adsorption distances (a) and workfunction changes ∆φ =
φmetal − φice−metal (b) of the H-up and H-down structures on closed packed surfaces of
different metals employing PBE, RPBE and their analoga augmented with Grimme’s semiempirical dispersion correction of 2010 (D3). For comparison experimental workfunction
changes [208–210] are included as well. The adsorption distance has been defined as difference between the average height of the O-atoms and the averages height of the metal
atoms of the uppermost layer.

trochemistry. For example, electrochemical studies of the adsorption of organic
molecules are done in the presence of water. If the aqueous environment should be
included in further studies, a correct description of the electronic properties of the
water-metal interface is a crucial prerequisite. The quality of the description of the
electronic properties in turn depends on the reliability of the adsorption distances
(see previous section).
The adsorption distances obtained by PBE are more than 1 Å smaller than the
equilibrium distances attained by RPBE (Figure 4.10a). This goes along with the
much stronger adsorption energies of PBE. Correspondingly, if dispersion effects
are additionally accounted for, the water molecules get closer to the surface. The
magnitude of the decrease of the adsorption distance depends on the actual GGAfunctional that is used. In detail, the molecules are vertically displaced by about
0.07-0.44 Å, if dispersion corrections are added to PBE, or by 1.26-1.87 Å, if the
RPBE-functional is corrected for dispersion. Eventually, PBE-D3 and RPBE-D3
end up with comparable adsorption distances.
According to the rather different adsorption distances obtained by means of the
pure PBE- and the pure RPBE-functional the workfunction changes are at vary
(Figure 4.10a). Only with the help of dispersion corrections similar adsorption
distances are obtained and consistently the workfunction changes, calculated by
means of the pure GGA-functionals at the respective equilibrium distances of the
dispersion corrected methods, converge. This way, the semi-empirical dispersion
correction schemes influence the electronic properties of the structures. Indeed,
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looking at the stable H-down structure, workfunction changes that are closer to
the experimental value are obtained by PBE-D3 and RPBE-D3. The remaining
deviation from experiment might be explained by the fact, that the models used
to describe water on metallic surfaces are probably too simple [199]. Besides, in
Refs. [201, 211] it could be shown that temperature effects lead to a dissolvement
of the ideal structures and thus influence the workfunction changes. Non-zero temperatures have not been accounted for within this study. Nevertheless, this work
reveals that an improvement of the comparison between experimental and calculated
electronic properties can be achieved, if dispersive interactions are accounted for by
means of semi-empirical dispersion correction schemes. In particular, if the dispersion corrected RPBE-functional is employed, there is a notable improvement of the
workfunction changes. As the adsorption distances of PBE are already very close to
dispersion corrected adsorption distances, the respective workfunction changes are
similar as well. This way, the success of previous pure PBE-calculations concerning
the electronic properties of water-metal systems can be explained. Obviously, if
pure water-metal systems are studied, PBE yields reasonable results for adsorption
distances and electronic properties, though it misses the dispersion interactions.
However, it is recommended to use dispersion corrected RPBE calculations if absolute numbers of adsorption energies are needed or if (further) adsorbates are present
that clearly require the description of dispersion corrections.
In this spirit, the inclusion of dispersion effects gets mandatory in case of adsorbed heteroaromates, as a competition of weak hydrogen bonds between flatly
lying molecules, dispersive interactions between the molecules and the surface and
dispersive interactions between upright standing molecules will occur, once a certain
molecular coverage is reached. Having worked out methods to describe the first two
types of interactions, the latter will be addressed in the next section.

4.3.2

Upright standing heteroaromates: lateral van der Waals interactions

At very high coverages, heteroaromates were found to form overlayer structures
with upright standing molecules connected to the surface via the heteroatom.
For
√
√
example STM-experiments have shown that thiophene adopts a ( 3 × 3)R30◦
overlayer structure on Au(111) at high coverages [20, 21]. In contrast to these findings, no exothermic adsorption was found by pure DFT-calculations (Ead =+0.056
eV). Obviously, this discrepancy can be ascribed to the missing description of van
der Waals interactions between thiophene and the surface, but also, and at such
coverages maybe even more important, the dispersive interactions inbetween neighboring molecules.
By applying the semi-empirical dispersion correction
D-hybrid or D3-1layer
√
√schemes
◦
the adsorption energy of thiophene in this ( 3 × 3)R30 overlayer calculates as
-0.34 eV or -0.48 eV, respectively. Thus, with the help of any of these dispersion
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Figure 4.11: Interaction energy between
thiophene and a Au-6-0 cluster as a function of the distance between the S-atom
and the surface calculated with different
methods. For Au the effective core potential LANL2TZ and for S, C and H atoms
the aug-cc-pVTZ basis set was employed.
The geometry of thiophene and the Au6-0 cluster was cut out of the optimized
Au-thiophene adsorption complex obtained
by periodic PBE calculations. It was kept
fixed for computations of the potential energy curve.

correction schemes the thermodynamic stability of such experimentally observed
structures can be proven and furthermore, the calculated adsorption energies get
close to the experimentally determined value (-0.48 eV, Ref. [21]).
Obviously, in such densely packed monolayers the dispersive forces √
between
√ neigh-◦
boring molecules become quite important. For example, in the ( 3 × 3)R30
overlayer structure of thiophene they represent 27-36% (depending on the actual
dispersion correction that is used) of the total dispersive energy, whereas for the
previously studied, smaller coverage of one molecule per (3 × 3) surface unit cell,
dispersive interactions between adjacent molecules are rather negligible (<0.8%).
However, the largest portion of the dispersive energy still stems from the moleculemetal interaction. Within the D-hybrid approach the C6 coefficients of the metal
atoms were determined for flatly-lying physisorbed molecules and thus its applicability to vertical standing aromates might be questionable. To test the transferability
of the D-hybrid method, the potential energy curve of the adsorption of an upright
standing thiophene molecules on Au(111) was considered by employing MP2, DFT
and DFT-D methods [24]. For these calculations a small Au6 cluster was used to
model the Au surface. Figure 4.11 compares the results obtained by the different
methods. DFT calculations lead only to a shallow minimum with an adsorption
energy of -0.02 eV at a distance of 3.75 Å. In contrast MP2 calculations indicate a
stronger adsorption (Ead =-0.18 eV) at a separation of 3.25 Å. Finally, the potential
energy curve of the dispersion corrected DFT calculation (DFT-D) agrees well with
the potential energy curve obtained by MP2 calculations. This agreement suggests
that the metallic C6 parameters derived from adsorption complexes of flat-lying
adsorbed aromates are also transferable to other molecular orientations so that it
might also be applied to the DFT description of self-assembled monolayers, which
will be looked at in the next chapter.
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Chemisorbed systems: Thiolates
on Au(111)
Another type of organic molecules playing a crucial role in the field of nanostructured
surfaces is the class of thiol molecules. In contrast to aromates, thiols are known to
adsorb dissociatively when being exposed to Au surfaces at elevated temperatures.
The driving force for the cleavage of the S-H bond is the strong chemical bond
formed between the S atom and the Au surface. With an increasing coverage of
molecules on the surface, a spontaneous formation of ordered surface structures, socalled self-assembled monolayers (SAMs), occurs. This ordering process is mainly
ascribed to a subtle interplay between substrate-adsorbate and lateral adsorbateadsorbate interactions. However, some years ago, experiments indicated that also
substrate atoms are directly involved in the SAM formation.
Although SAMs of thiolate molecules on Au surfaces are well-studied systems, both
experimentally and theoretically, there are still open questions, such as the influence
of different functional groups of the thiolate molecules on adsorption properties and
structure formation. A concluding mechanism that fully explains the hints for an
involvement of substrate atoms in the structure formation has not been proposed
yet.
This chapter is devoted to a computational study of the different interactions occurring between thiolates and Au surfaces during structure formation. Their dependency on the chemical properties of the adsorbate is considered by employing
thiolate molecules with different anchor groups or rest groups (see Figure 5.1). In
particular the impact of dispersive interactions is revealed in detail by applying
semi-empirical correction schemes to DFT calculations. The possibility of reconstruction effects of the substrate is taken into account as well. Finally, a comparison of stable structures obtained by calculations on the one hand and structural
proposals deduced from experiment on the other hand is drawn via the simulation
of experimentally observable properties, such as desorption energies, STM images
or vibrational spectra.
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Figure 5.1: Overview of the different thiol molecules used to study the interactions within
self-assembled monolayers. The impact of the rest group is addressed by employing a
homologous series of alkanethiols, ranging from methanethiol to hexanethiol (a) or by
using an aromatic ring (b). By studying the adsorption of (c) ethenethiol or (d) benzenethiol (BT) a change of the hybridisation of the α-C-atom is considered as well. The
influence of different types of anchor groups is discussed on the example of the dithiol 2mercaptomethylbenzenethiol (MMBT) (e) and by substituting the S-atom of MeS by higher
chalcogens (Se,Te).

5.1

Substrate-adsorbate interactions

In the first place, the adsorption properties of thiolate molecules on Au(111) are
studied by periodic DFT-PBE calculations employing a (3 × 3) unit cell of the
overlayer structure to pretend low coverage. The simple methanethiolate molecule
(MeS) is used as basic model system. Its adsorption energy (with respect to the
isolated MeS radical) is calculated to be -1.73 eV and thus comparable to values reported by other DFT-PBE or DFT-PW91 studies (-1.67 to -1.92 eV) employing fractionally different technical parameters [69, 212–218]. In this work, as
in many other computational studies of different thiolate molecules on Au(111)
(e.g. Refs. [70, 212, 216, 219–221]), the S atom was found to adsorb preferentially
at the bridge position, slightly shifted towards the fcc hollow position. Other highly
symmetrical adsorption sites are about 0.13 eV (fcc position) or 0.25 eV (hcp position) less favorable.
A detailed view of the most stable adsorption geometry of MeS found by DFT-PBE
calculations is shown in Figure 5.2a. The S atom of MeS is located 2.00 Å above the
average position of the Au atoms of the uppermost surface layer and the S-C bond
is inclined by ϑ=51.47° from the surface normal, which again nicely agrees with
previous DFT-studies [69, 212, 215, 216, 218]. The CH3 group is oriented in such a
way that one H-atom is pointing directly towards the surface. This conformation is
about 20 meV more stable than the structure in which one H-atom is pointing away
from the surface.
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Figure 5.2: Geometry (a) and electronic properties (b-d) of MeS adsorbed on Au(111)
within a (3×3) overlayer structure. In (b) isosurfaces (values=±0.02 e/Å3 ) of the charge
density depletion (upper panel) and enhancement (lower panel) due to adsorption are
shown. Panel (c) and (d) depict cuts through the charge density difference at the plane
defined by the two Au-S-bonds. In (c) the isolated MeS reference has been described spin
polarized whereas in (d) the spin unpolarized description of the isolated MeS has been
taken as reference. The maximum and minimum charge density differences are given in
e/Å3 .

In order to explain the nature of the strong attractive interaction between thiolate
molecules and the Au(111) surface the changes of the charge density due to adsorption are studied (see Figure 5.2b-d). While the charge density difference referring
to the spin polarized description of the isolated molecule shows polarization effects
of the S p-orbitals ontop of the differences due to the interaction with the substrate
(see Figure 5.2b,c), the corresponding plot with respect to the spin unpolarized description of the isolated molecule only reveals the changes after the transition of the
spin (see Figure 5.2d). Of course, the strong polarization effect that shifts charge
from the pz - to the py -orbital of the S-atom contributes to the large adsorption
energy. For comparison, the energetic difference between spin unpolarized and spin
polarized radical in the vacuum is about 0.3 eV. In addition to that effect, an accummulation of charge occurs in the region between the S-atom and the surface,
whereas in the close vicinity of the S-atom and the two nearest Au-atoms a charge
depletion can be observed. A quantitative comparison of the charge density shifted
in between adsorbate and substrate for thiolates (Figure 5.2d) and aromates (Figure 4.5) goes along with the trend seen in the corresponding adsorption energies (see
previous section): both the charge density redistributed due to adsorption and the
PBE adsorption energy are about ten times larger in case of thiolate molecules. So,
this study on adsorption induced changes of the charge density indicates a strong
covalent character of the bond formed between thiolates and Au surfaces, in agreement with other electronic structure calculations [213, 215].
After this short review of the basic properties of the Au-thiolate bond, the dependency of substrate-adsorbate interactions on structural modifications of the thiolate
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Figure 5.3: (a) Different (meta-)stable configurations of hexanethiolate adsorbed on
Au(111) obtained by the pure PBE functional and PBE-D3-1layer method. In (b) the
respective adsorption energies of alkanethiolates of different chain lengths (S-R) are shown.

molecule shall be considered in the next paragraphs.
By going to alkanethiolate molecules with larger rest groups neither the PBE adsorption energy nor the adsorption geometry changes markedly (see Figure 5.3).
Looking at different conformers of alkanethiolates, obtained by rotations around
the S-C bond, does not reveal any qualitative differences either: for all alkyl groups
the pure DFT calculations slightly favor the conformer in which one H atom is
directly pointing towards the surface, but the energetic differences between the
rotational conformers are still rather small (< 0.1 eV). Thus, according to these
calculations a mixture of upright standing and flatly lying long chain alkanethiolates is expected at low coverage, in contrast to the experimental observation that
alkanethiolate molecules adsorb without exception in a flatly lying manner at low
coverages [222, 223]. To clarify this discrepancy a closer look at the calculational
method is needed.
The fact, that the rest group has hardly any influence on the local properties of the
chemical bond formed between the adsorbate and the substrate, might be correctly
described by DFT. Yet, the dispersive interactions between the metal surface and
the molecule, that are missing in commonly used GGA functionals, certainly depend
on the number of atoms of the molecule. Evidently, van der Waals forces should be
included to obtain a thorough description of the adsorption of thiolates with longer
alkyl chains. But although the semi-empirical corrections for dispersive interactions
to DFT showed a rather good performance for physisorbed systems (see previous
chapter), their applicability might fail if chemisorbed systems are studied. In such
systems the molecule is located much closer to the surface and a correct treatment
of the screening effects of the metal gets even more important. Additionally, benchmarking the DFT-D method for such systems with experimental desorption energies
gets more difficult, since the mechanisms of desorption processes are often unknown.
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Figure 5.4: Optimized (meta-)stable structures of benzylmercaptan (BM) on Au(111) at
low coverage using the PBE functional (upper row) and the PBE-D3-1layer method (lower
row). The respective adsorption energies are given as well.

Nevertheless, in a first approximation the DFT-D3 method of Grimme [91] was
used in order to be able to describe qualitative trends. The screening of the metal
is approximated in the fashion introduced above: perfect screening is assumed and
only the dispersive interactions between the molecule and the uppermost layer of
the metal is taken into account (PBE-D3-1layer method). As expected, the local
binding geometry, i.e. the distance to the surface and the inclination angle of the
S-C bond from the surface normal, barely changes due to dispersive interactions
with the substrate: the adsorption distance does not vary by more than 3% and the
inclination angle bends by less than 18%. Mainly by rotations around C-C bonds
dispersive interactions prompt the rest group of alkanethiolates with longer alkyl
chains to get closer to the surface. Besides, the trend of a constant adsorption energy
with increasing chain length is retained for the upright standing configuration of the
molecules. On the other hand, the total amount of the adsorption energy of the
flatly lying orientations of the molecules enhances considerably with growing size
of the alkyl chain. The contribution per methylene subunit is about 80 meV, a
value that agrees very well with estimations from thermal desorption experiments
of a homologous series of alkanethiolates (63-82 meV) [224–226]. Thus, already for
hexanethiolate, the flatly lying configuration is considerably more stable than the
upright standing orientation of the molecule. The PBE-D3-1layer method yields
an energetic difference of 0.35 eV, similiar to the value of 0.37 eV, assumed in an
experimental TDS study of hexanethiolate [223].
These results eventually reflect the stability of experimentally observed striped phase
structures of flatly lying alkanethiolate molecules on Au(111) at submonolayer coverages [222, 223]. At the same time the necessity of dispersion corrections to model
the adsorption of thiolates with larger rest groups is underlined. According to comparison with experimental desorption studies the PBE-D3-1layer method seems to
be well suited.
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Figure 5.5: The impact of different head groups and different hybridisations of the
α-C-atom on the adsorption energy and geometry is studied by using (a) different
methanechalcogenates (X-CH3 ) and (b) thiolates with different rest groups (S-R).

Note, that these observations do not only hold for alkyl rest groups, but also for
a phenyl ring that is attached to the CH2 S-group. By an EELS study of the adsorption of benzylmercaptan (BM) on Au(111) at low coverage, the realization of
a configuration with the ring parallel to the surface has been proven experimentally [67]. Pure PBE-calculations, however, rather favor upright standing phenyl
rings (see Figure 5.4). Only with the help of dispersion corrections to DFT a (distinct) preferrence of the flat configuration of BM can be predicted.
If the local binding properties of the adsorbate to the surface are supposed to be
modified, different head groups need to be considered (see Figure 5.5). For example,
employing higher chalcogenates yields a slightly stronger adsorption energy. Due to
larger orbitals of the Se and Te atom the adsorption distance of the methanechalcogenate increases, allowing a stronger inclination of the chalcogen-carbon bond from
the surface normal and thus a larger overlap of the adsorbate’s and the surface
atoms’ orbitals is achieved. These results are in agreement with a theoretical study
comparing the adsorption properties of methane- and benzeneselenolate to those of
methane- and benzenethiolate [227]. Besides, the trend of stronger adsorption with
higher atomic number of the chalcogen has also been observed experimentally using
high resolution X-ray photoelectron spectroscopy [228].
A further way of modifying the anchor group is to alter the hybridisation of the α-C
atom, such as by connecting a phenyl or vinyl group directly to the S atom. When
having such a sp2 -hybridised α-C atom, the strength of the C-S bond increases and
the thiolate molecule is slightly weaker bound to the surface. Correspondingly, a
larger adsorption distance is observed for benzenethiolate (BT) and ethenethiolate
compared to alkanethiolates. Besides, due to less sterical hindrance, a stronger
inclination of the S-C bond can be realized in adsorbed thiolates with sp2 -hybridised
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α-C atoms.
The effect of dispersive interactions on these simple molecules is rather small and
does neither change the adsorption distance nor the overall trend in the adsorption
energies calculated by means of the pure PBE functional. Solely the relative stability of the adsorption of thiolates with larger rest groups, such as BT, is increased, if
dispersive interactions are accounted for. Additionally, dispersive interactions amplify the tilt of thiolates with a sp2 -hybridised α-C atom towards the surface.
Finally, the binding strength of an adsorbate to the surface might be enhanced
by quite a different approach, namely, by increasing the number of Au-S bonds
per molecules. Indeed, SAMs of molecules with a bidentate anchor group have
been produced from dithiols [229, 230], disulfides [231] or cyclic disulfides [14, 232–
234]. Unfortunately, most of these SAMs were reported to show poor lateral order only [230, 235]. Within this work, the adsorption of the bidentate molecule
2-mercaptomethylbenzenethiol (MMBT) shall be discussed. MMBT contains two
thiol groups, one that is attached to a methylene unit and a second one attached to
a phenyl group (see Figure 5.1e). By immersion of a Au-substrate into an ethanolic
solution of MMBT a well-ordered SAM is formed. In contrast to vain attempts with
many other dithiol molecules, molecular resolved STM-images could be obtained for
the MMBT-SAM [26].
For studying the binding properties computationally, it is assumed that MMBT
adsorbs as dithiolate moiety on Au(111). Analogously to the adsorption of MeS,
both S atoms of MMBT occupy bridge positions slightly shifted towards a fcc hollow
position. Yet, the adsorption of one or both S-atoms at bridge sites shifted towards
a hcp hollow site is only about 20-30 meV higher in energy. The PBE adsorption
energy with respect to the dithiolate molecule in vacuum is calculated to be -2.93
eV and thus reveals the expected strong binding. Indeed, this value is comparable
to the sum of the adsorption energy of MeS (-1.73 eV) and BT (-1.39 eV). If dispersive interactions are included by means of the PBE-D3-1layer method the absolute
amount of this adsorption energy further increases to -4.06 eV. At first glance, thermal desorption experiments do not support such a strong adsorption energy. The
desorption energy is measured to be only 1.35 eV [26], comparable to the desorption
energy of BT (1.47 eV) [236]. So it might be speculated that MMBT chemisorbs
only via one S atom, whereas the other S-H group does not dissociate. Other experiments, however, negate such an adsorption scenario: neither in infrared reflection
absorption spectra nor in surface enhanced Raman spectra any bands in the region
where S-H stretching modes occur, could be found [26]. A further explanation for
the discrepancy between the calculated adsorption energy and the measured desorption energy can be seen in the assumption of a simple (3 × 3) overlayer structure
for calculations, whereas a more densely packed structure has been found by experiments [26]. Besides, the actual desorption mechanism is probably much more
complicated. This will be discussed in a more detailed fashion in section 5.3.
To sum up, the most important contribution to the Au-thiolate interaction at low
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coverage stems from the Au-S bond, that can be slightly modified by changing
the hybridisation of the α-C atom. However, for larger rest groups a significant
part of the interaction is also due to the dispersive interactions and thus a thorough
description of these weak forces needs to be taken into account in the computational
method. Stronger local substrate-head group interactions are obtained by higher
chalcogenes or dithiolates.

5.2

Adsorbate-adsorbate interactions

By increasing the coverage of thiol molecules on the surface, the strength of the
Au-S interaction slightly declines (see Table 5.1), showing a minor impact of (indirect) adsorbate-adsorbate interactions on the local chemical Au-S bond. On the
other hand, in particular when looking at thiolates with larger rest groups (such as
BT), both experiments and calculations show a pronounced decrease of the inclination angle with increasing molecular coverage. Evidently, this can be traced back
to direct adsorbate-adsorbate interactions between the molecules’ rest groups. The
lateral interactions between the rest groups of adsorbed molecules are one of the
most important contributions to the SAM formation. They dictate not only the
orientation of the molecules but also the dimensions and symmetry of the whole
overlayer structure of SAMs.
To verify this simple and apparently obvious statement, the intermolecular interactions within a hexagonal structure of hexanethiol molecules are studied as a function
of the lattice constant of the 2-dimensional structure (see Figure 5.6a). By means of
pure PBE calculations a shallow minimum of the PES of the molecule-molecule interaction is found at an intermolecular distance of around 5.6 Å. That value is closer
to the dimension of the commensurable (2 × 2) overlayer structure on the Au(111)

Table 5.1: The PBE interaction energies (Eint in eV) between Au(111) and MeS or BT are
contrasted at different coverages. The inclination angles of the S-C bond with respect to
the surface normal (ϑ in °) is given as well. To concentrate solely on the adsorbate-substrate
interactions, the energetic differences have been calculated with respect to the corresponding 2-dimensional layers of thiolate radicals. The geometry of these layers has been taken
from the adsorption complex without allowing any further optimization. For comparison,
experimental values of ϑ of BM determined at comparable coverages in Refs. [236, 237] are
shown.
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structure

coverage

(3√
× 3)
(3
×
√
√3)rect
( 3 × 3)R30◦

0.11
0.17
0.33

MeS
EAu−S
ϑ
int
-1.75
-1.73
-1.68

51.5
52.4
55.1

BT
EAu−S
int
-1.46
-1.40
-1.37

ϑ

ϑexp (BT)

56.0
47.0
33.7

n.a.
54 [236]
≈30 [237]
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Figure 5.6: (a) Interaction energy of hexanethiol molecules within a hexagonal structure as
a function of the length of the lattice vector. In (b) the√adsorption
energy of alkanethiolates
√
of different chain lengths adsorbed on Au(111) in a ( 3 × 3)R30◦ overlayer structure is
shown. The PBE-D3 method includes only dispersive interactions between alkanethiolates.

√
√
surface than to the dimension of the commensurable ( 3 × 3)R30◦ structure observed experimentally for alkanethiolate SAMs. Again, this discrepancy might be
explained by the fact that the pure GGA functional PBE is not suited to describe
the van der Waals interactions between molecules. Thus, a correction for dispersive
interactions is needed. Among the semi-empirical correction schemes used to study
the interactions of molecular dimers in chapter 3 the DFT-D3 scheme was found
to be the most reliable one, both for aliphatic and aromatic pairs of molecules. By
employing the PBE-D3 method to the hexagonal structure, the minimum in the
potential energy curve is indeed shifted to a much smaller lattice √constant
√ (≈ 5
Å) comparable to the dimension of the experimentally observed ( 3 × 3)R30◦
overlayer structure.
Evidently, with growing size of the alkyl chain length, the amount of intermolecular
interactions increases. Within a hexagonal structure of the size of a
√ dispersive
√
( 3 × 3)R30◦ overlayer structure on Au(111) the enhancement amounts on average 74 meV per additional CH2 -group (see Figure 5.6b). Evaluating
√
√ only dispersive
interactions between molecules, the dispersion within a ( 3 × 3)R30◦ overlayer
structure of hexanethiolate on Au(111) (-0.44 eV) already makes up 21% of the
total PBE adsorption energy (-1.69 eV). As this trend can be supposed to continue
linearly, the amount of intermolecular interactions of docosanethiolates and higher
homologues finally gets comparable to or larger than the interaction energy between the head group and the substrate. Thus, alkanethiolates with such long alkyl
chains probably do not form 2-dimensional structures at the surface any longer,
but the molecules rather agglomerate to 3-dimensional clusters on the surface. This
study of intermolecular dispersive interactions nicely explains the suitability of alkanethiolates with “intermediate” chain lengths, such as octadecanethiolates, for the
formation of SAMs. They balance the subtle interplay of substrate-adsorbate and
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Figure 5.7: (a) Interaction energy of benzylmercaptan molecules within a hexagonal
structure as a function of the length of the lattice vector. Panel (b) depicts the interaction
energy of different configurations of benzylmercaptan within 2D-structures. The molecular
density within these structures corresponds to a coverage of 1/3 on Au(111).

adsorbate-adsorbate interactions. The intermolecular interactions (estimated to be
-1.33 eV for SC18 H37 ) are strong enough to ensure noticeable interactions, but still
weaker than the Au-S interaction (about -1.70 eV).
Comparable to computations of thiolates with an alkyl rest group, calculations with
an aromatic rest group also confirm the experimentally found stability of overlayer
structures with a coverage of 1/3 [56, 238, 239] only if dispersive interactions are
accounted for (see Figure 5.7a). The interactions between benzyl rest groups, however, might not only trigger the dimensions of commensurable overlayer structures,
but also their shape. On the basis of the different orientations of stable benzene
dimers (see chapter 3), various configurations of benzylmercaptan (BM) within 2dimensional structures have been calculated, always at a molecular density that
corresponds to a molecular coverage on Au(111) of 1/3 (Figure 5.7b). According
to the favorable T-shaped structure of the benzene dimer, a zigzag-like structure
(III) is found to be the most stable one. This structure does not only benefit from
dispersive interactions, but also electrostatic interactions between the electron-rich
center of the benzene ring and the electron-poor edge of a neighboring benzene ring
contribute to its stability. Thus, an attractive interaction energy is found at the
PBE level of theory already. In contrast, the other configurations (I+II) reveal a
repulsive interaction energy when they are modelled by pure DFT calculations. The
zigzag- or herringbone-like overlayer structure has indeed been found experimentally
by a combined LEED and STM study of the SAM of p-terphenylmethanethiol [240].
In conclusion, as expected intuitively, modelling dispersive interactions between
molecules within SAMs is of crucial importance to be able to make meaningful
predictions for the formation of such monolayer structures. After having discussed
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the substrate-adsorbate and adsorbate-adsorbate interactions seperately, the next
sections conjuncts both types interactions and tries to relate calculational results to
experimental observations.

5.3

Thermodynamically stable SAM structures

So far, the adsorption energies of or interaction energies within all surface structures with different molecular coverages have been calculated at zero temperature
and zero pressure. To allow a fair comparison of their relative stability at experimental conditions, and to monitor the structures run through with an increasing
molecular coverage at the surface, the DFT energies should be linked to finite temperatures and pressures or concentrations. Therefore, thermodynamic potential
functions, such as the Gibbs free energy, are calculated on the basis of the DFT adsorption energies. This so-called ab initio atomistic thermodynamics approach has
been introduced to surface phenomena on the example of different surface oxides
of transition metals [241], but it has also been applied to the adsorption of organic
molecules on metal surfaces already [221, 242].
Following the derivations given in there, the Gibbs free energy of adsorption per
surface area is calculated according to
∆γ(T, p) = γ(T, p, NM , Nmol ) − γclean (T, p, NM , 0),

(5.1)

whereby the surface free energy per unit area of the whole system (γ) and of the clean
surface (γclean ) depend on the number of metal atoms (NM ) or adsorbed molecules
(Nmol ). They are related to the Gibbs free energies G and the surface area A via
γ(T, p, NM , Nmol ) =

1
(G(T, p, NM , Nmol ) − NM gM (T, p) − Nmol µmol (T, p))
A

and

1
(G(T, p, NM , 0) − NM gM (T, p)) ,
A
respectively. Here, gM denotes the Gibbs free energy of a Au atom in the bulk
and µmol corresponds to the chemical potential of the molecule in the gas phase.
Inserting these expressions into equation 5.1, the free energy of adsorption can be
rewritten as
γclean (T, p, NM , 0) =

∆γ(T, p) =

1
(G(T, p, NM , Nmol ) − G(T, p, NM , 0) − Nmol µmol (T, p)) .
A

(5.2)

Basically, the Gibbs free energy, given by
G(T, p, Ni ) = Etot (Ni ) + Fvib (T, V, Ni ) + Fconf (T, V, Ni ) + pV,

(5.3)

can be calculated using methods from first-principles. However, it turned out, that
both the vibrational and configurational Helmholtz free energy (Fvib (T, V, Ni ) and
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Figure 5.8: The free energy of adsorption of MMBT on Au(111) calculated according
to 5.6 is plotted against the chemical potential of MMBT. The adsorption energy has been
evaluated by means of the pure PBE functional (upper panel) and the PBE-D3-1layer
method (lower panel) with respect to the isolated diradical. The considered structures are
shown on the right.

Fconf (T, V, Ni )) are often rather small. Additionally, by a simple dimensional analysis it can be shown, that the work term, pV , is in the range of a few thousandth
meV, at atmospheric pressure [241]. In particular, due to the fact that not absolute
energies but energetic differences enter equation (5.2), the Gibbs free energy can be
approximated solely by the total energy. So equation (5.2) further simplifies to
∆γ(T, p) ≈

1
(Etot (NM , Nmol ) − Etot (NM , 0) − Nmol µmol (T, p)) .
A

(5.4)

The chemical potential of the molecule in the gas phase can be split into the total
energy at zero temperature and zero pressure (Emol ) and a remaining part that
depends both on temperature and pressure (∆µmol (T, p)):
µmol (T, p) = Emol + ∆µmol (T, p)

(5.5)

By making use of the definition of the adsorption energy per molecule (equation (2.52)), equation (5.4) can be expressed as
∆γ(T, p) ≈

Nmol
(Ead − ∆µmol (T, p)) .
A

(5.6)

Finally, the chemical potential of the molecule could be related to the temperature
and pressure or concentration. Yet, as the present study focusses mainly on the
relative ordering of the different structures, and not on absolute values of the structural transitions, the mapping of µmol onto T or p has not been carried out. The
free energy of adsorption is shown as a function of the chemical potential.
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Figure 5.9: A comparison of the experimental STM image (Vsample =+0.9 V, It =60 pA,
reprinted from Ref. [26] with permission from the PCCP Owner Society.) and a simulated
STM image (Vsample =+0.9 V, isosurface
value=1.8×10−5 e/Å3 ) of the MMBT-SAM is
√
shown. For the simulation a (3× 3)rect unit cell of the overlayer structure (superimposed
on the right) is used.

In Figure 5.8 the free energy of adsorption is plotted for various structures of MMBT
on Au(111). At any point of the chemical potential the structure that exhibits the
lowest free energy of adsorption turns out
√ to be stable in the thermodynamical
equilibrium. In case of MMBT, the (3 × 3)rect overlayer structure is found to be
the most stable one over a large range of the chemical potential, both by applying
the pure PBE functional and by adding dispersive interactions to the DFT energies
(PBE-D3-1layer method). Due to clearly different adsorption energies computed by
means of the PBE functional and the dispersion corrected method, the crossing of
∆γ = 0 of the various structures occur at different chemical potentials depending
on the calculational method. As the hard number of Ead is difficult to be validated
for this system (see discussion below), the actual value of the chemical potential is
of less importance. In fact, solely the trends are to be emphasized. By doing so, the
PBE and the PBE-D3-1layer method seem to be alike. However, having a closer
look, there is a tiny but significant difference:
√ while the pure DFT calculations
predict only a slight preferrence of the (3 × 3)rect overlayer structure over the
(3×2) overlayer structure, dispersive interactions markedly
strengthen the energetic
√
difference of the two structures in favor of the (3 × 3)rect overlayer structure.
√
The thermodynamic stability of the (3 × 3)rect overlayer
√ structure nicely agrees
with experimental observations: by STM imaging a (3 × 3)rect periodicity of the
SAM could be deduced as√well [26]. Furthermore, the appearance of the simulated
STM-image of the (3 × 3)rect structure is very similiar to the high resolution
experimental STM-image (see Figure 5.9).
However, with an adsorption energy of -2.81 eV, obtained by means of PBE-calculations, this thermodynamically stable structure still does not explain the huge
discrepancy with thermal desorption experiments.
As mentioned before, the disagreement between the calculated adsorption energy
and the measured desorption energy might be explained by an alternative desorp89
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√
Figure 5.10: Two possible desorption mechanisms of MMBT adsorbed within a (3 × 3)
overlayer structure on Au(111) are shown. The respective minimal PBE desorption energies
(Edes ) are indicated. The numbers in brackets denote the desorption energies calculated by
means of a post-SCF PBE-D-hybrid and the PBE-D3-1layer method, respectively.

tion process (see Figure 5.10). As the S atoms of MMBT on Au(111) are located
close to each other, a concerted desorption mechanism can take place. Thereby, an
intramolecular S-S bond is formed, while the Au-S bonds are broken. The energetically unfavorable diradical is circumvented and the desorption energy calculates to
be only about 0.64 eV. If dispersive interactions are accounted for, this desorption
energy increases to 1.22 eV, obtained by a post-SCF PBE-D-hybrid method (see
Ref. [26]), or to 1.85 eV obtained by the PBE-D3-1layer method. Although the
exact treatment of dispersion interactions between molecules and metallic surfaces
is still unknown, the dispersion corrected calculations of the alternative desorption
mechanism yield values that are at least in the range of the experimentally determined value of 1.35 eV [26]. According to the results of chapter 4.3.1, a better
agreement between calculated and experimental desorption energies might be obtained with dispersion corrected RPBE-calculations.

To sum up a MMBT-SAM structure having some calculated properties comparable
to experimental observations could be found. Again, dispersive interactions contribute significantly to the stability of this structure. Quantitative discrepancies
between calculated and experimental desorption energies can be explained on the
one hand by uncertainties in the theoretical treatment of the screening of the metal,
but on the other hand also by still more complicated structures that have not been
taken into account. One possibility of more complicated structures is the involvement of substrate atoms in the SAM. Such effects will be discussed in the next
section.
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5.4

Surface defects and adsorbate induced reconstructions

Many experimentally observed features of thiolate SAMs on Au(111) could already
be nicely explained by means of DFT calculations, in particular if dispersive interactions are accounted for (see previous sections). Yet, the actual adsorption site of
the adsorbate remained puzzling for years. While most calculational studies favor
a bridge site with the S-atom slightly shifted towards the fcc hollow position, there
are experimental hints that the S-atom occupies a top position [243, 244].
One of the reasons for this discrepancy might be, that the for a long time commonly accepted model of an unreconstructed Au(111) surface assumed in many
calculational setups oversimplifies the actual nature of the surface underneath the
SAM. Indeed, already in 2002, theoretical studies pointed at the possibility of surface atoms being involved in the SAM formation [213, 245]. Experimentally, it
took until 2006 to obtain direct evidence for the occurrence of adsorbate induced
reconstruction of the Au(111) surface during thiolate adsorption. In that year, the
existence of thiolate-adatom moieties could be proven both by low temperature STM
imaging of MeS at low coverage [246] and by NIXSW studies of different thiolate
SAMs [247, 248]. Although the models deduced from these two experiments both
reproduce the adsorption atop as predicted by NIXSW [243] and photoelectron
diffraction data [244], there is a significant difference. Whereas Maksymovych et
al. proposed a model in which two thiolate molecules share a Au adatom [246], the
group of Woodruff introduced a Au-adatom-monothiolate moiety as structural motif
of the SAMs [247]. In the following years, there has been further experimental proof
for both models: In coherence with the simple MeS molecule, low temperature STM
experiments suggest the diluted phase of benzenethiolate on Au(111) to consist of
Au-adatom-dithiolate moieties [249]. But also for densely packed structures, hints
for a 1:2 ratio of Au adatoms to alkane thiolate molecules have been found [250].
The spots of high-resolution STM imaging of MeS structures at monolayer coverage
were interpreted as dimers of the Au-adatom-dithiolate building blocks [251].
On the other hand, in particular if SAMs of thiolates with longer alkyl chains are
considered, there are STM experiments that support the 1:1 ratio of Au adatoms
to thiolate molecules [252–254]. Also by measuring photoemission core-level shifts,
some evidence for the Au-adatom-monothiolate model could be provided [255, 256].
Furthermore, this√model
√ seems to be more consistent with diffraction experiments
that proposed a ( 3 × 3)R30◦ periodicity of the overlayer structure [248].
Concerning theoretical studies, there are some DFT-calculations that propose stable
vacancy structures [213, 245], others predict structures involving gold adatoms [69,
214, 246, 251, 257–261] or even polymeric structures consisting of MeS-Au-chains
[262, 263] for the adsorption of methanethiolate on Au(111). By means of AIMD
simulations a dynamic equilibrium of Au-adatom-dithiolates, thiolates adsorbed at
bridge position at unreconstructed parts of the surface or adjacent to vacancies sites
was found [217]. These findings could be nicely correlated to experimental photo91
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Figure 5.11: Top views of DFT-PBE optimized structures of MeS adsorbed on Au(111) at
different coverages (θMeS ). Defect structures are created by subsequently removing the Au
atoms a-h of the (3 × 3) unit cell. The table on the right assigns the defect concentration
(c(defect)), that is defined as number of vacancies per surface atom, to the respective
structure used in the calculation and to the coordination number (CN) of the Au atoms
in the surface that bind to the S-atom of MeS. As two different structures are used for a
defect concentration of 1/3, one of them is labelled by a star (*).

electron and gracing incidence X-ray diffration data [217, 264]. Even the mobility
of Au-adatom-thiolate moieties on Au(111) has been studied [214, 218]. Despite
this large number of extensive calculational studies, a broad, systematic study that
compares different models of adsorbate induced reconstruction effects at different
coverages is lacking. Thus, this section addresses the stability of various structural
proposals as well as the impact of different coverages and different types of molecules
on reconstruction effects.
Since the rest groups of alkane thiolate molecules hardly influence the chemical bond
between the head group and the surface (see chapter 5.1), the adsorption of the simplest alkane thiolate (MeS) on Au(111) is chosen as first model system for studying
reconstruction effects. As MeS is a rather small molecule, the impact of dispersion
interactions on energetic differences between various structures is supposed to be
rather small as well. Thus, this section simply employs the GGA functional PBE
without any corrections for dispersion effects. Figure 5.11 shows the unit cell of
the different model defect structures that are constructed by subsequently removing Au-atoms of a (3 × 3) supercell of the Au(111) surface. For structures involving
a defect concentration up to 7/9, the thiolate molecule remains at the bridge-fcc
adsorption site and only Au atoms in the surroundings are taken off. Obviously, by
removing atoms of the surface the coordination number of the Au atoms that bind
to the thiolate molecule is reduced. This is supposed to have an influence on the
electronic structure of the surface and consequently on the adsorption energy.
One way of studying the impact of defect sites on the electronic structure is to look
at the energetic position of the center of the d-band of the Au surface (Figure 5.12a).
Gold behaves as expected according to the d-band model [265] for late transition
metals: with a decreasing coordination number of the Au-atoms that will bind
to the thiolate, both the center of the d-band shifts up towards the Fermi level
and the absolute value of the adsorption energy increases. However, as shown in
Figure 5.13, not only the d-band is affected, but also the sp-band changes markedly
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Figure 5.12: The correlation between the energetic position of the center of the d-band
of the two Au atoms that bind to MeS and the adsorption energy per MeS molecule in
different defect structures is shown in (a). Panel (b) reveals the energy needed to create
the defect structures. Connecting lines are just a guide to the eyes. The error bars denote
the uncertainty due to different ways of obtaining Edefect (see text and footnote).

by the introduction of defects: more localized sp-states hybridised with d-states arise
and contribute to the binding with the adsorbate. For example, the peak at around
-5.7 eV in the DOS of the honeycomb-type reconstruction of the Au surface (“3
defects” in Figure 5.13) hints at the chemical interaction between strongly localised
spd-hybridised states of the metal and p-orbitals of the S-atom of the thiolate. In
structures with minor defect concentrations hybridisations of the metal sp-states
and orbitals of the adsorbate’s S-atom are less pronounced in that energy range.
A slightly different binding mechanism is observed for the structure with a defect
concentration of 8/9. Here, the thiolate molecule is bound ontop of the adatom
(furtheron also denoted as Au-MeS). Although only one Au-S bond is established,
more energy is gained if MeS adsorbs on such a Au surface involving an adatom
(Ead =-2.01 eV), than by the formation of an adsorption complex at a bridge-fcc
adsorption site at the unreconstructed Au(111) surface (Ead =-1.73 eV).
So far, it has been inherently assumed that defect structures are present at no
additional expense. However, to discuss the importance and stability of structures
including different numbers of vacancies or adatoms, the energy that has to be
paid in order to create n defects has to be accounted for. This energy (Edefect )
is calculated by making use of the fact that it costs nothing else but the cohesive
bulk ) to move an atom from a kink site to another place on the surface:
energy (EAu
bulk
Edefect = Esurf − EAu(111) + nEAu

(5.7)

Here, Esurf and EAu(111) denote the energy of the surface containing defects and
the energy of the unreconstructed (111) surface, respectively. Edefect of the defect
structures introduced in Figure 5.11 is plotted in Figure 5.12b as a function of the
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Figure 5.13: Projected density of states of the bare Au(111) surface and the Au(111)-MeS
adsorption complex. As far as the Au-surface is concerned the projection of the density
is restricted to the two Au-atoms that bind to MeS. The purple vertical lines denote the
center of the d-band.

defect concentration1 . Evidently, the stronger the structural deviation from the unreconstructed (111) surface, the more energy is needed to create the defect structure.
The peculiarity occurring at c(defect)=2/3 can be explained by an extraordinary
stabilization of the row-like structure considered at that defect concentration.
Finally, by combining the adsorption energy (per unit cell) and the energy needed
to create the defect, the net adsorption energy is obtained,
net
= (Ead + Edefect )/m,
Ead

(5.8)

whereby m denotes the number of molecules within the surface unit cell. Comparing
net to the adsorption energy per molecule of unreconstructed adsorption complexes
Ead
unrecon ) shows, whether a reconstruction is thermodynamically stable or not.
(Ead
net is plotted relative to E unrecon , i.e. negative values reveal that
In Figure 5.14 Ead
ad
the adsorbate is able to induce reconstruction effects. Yet, when having an isolated
thiolate molecule adsorbed on Au(111) the energetic price to be paid to create the
defect within the surface cannot be counterbalanced by the energy gain due to the
adsorption at lower coordinated adsorption sites. As assumed before, not only the
simplest alkane thiol exhibits such a behaviour, but also aromatic thiols such as benzylmercaptane (BM) and benzenethiol (BT) follow the same trend. Furthermore,
this study already shows, that at low coverage the widely discussed model consisting
of a Au-adatom and a single thiolate molecule (Au-MeS) can only be stable if the
1

Edefect might be evaluated both by removing atoms of the unreconstructed surface and by
adding atoms to the unreconstructed surface modelled by one layer less. The results might differ,
as such energetic differences are only converged to a few tens meV when using 4 layers of Au
atoms to represent the surface. To account for this artificial inaccuracy, the averaged value of both
procedures is taken and error bars are introduced in Figure 5.12b. However, the errors are rather
small and in the following figures, the error can be included in the symbol size.
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Figure 5.14: The net adsorption energy relative to the adsorption energy of the unrenet
unrecon
constructed adsorption complex (Ead
− Ead
) is shown (a) for different monothiolate
molecules (benzenethiolate (BT), benzylmercaptane (BM) and methanethiolate (MeS)) and
different coverages as a function of the defect concentration and (b) for different reconstruction motifs as a function of the MeS coverage. The structures used in (a) are constructed as
described in Figure 5.11, the structures used in (b) are shown in Figure 5.15. Connecting
lines are just a guide to the eyes.

Au-adatoms are already available at the surface. If the energetic costs to create a
Au-adatom are taken into account, the model of a Au-adatom-monothiolate moiety
is thermodynamically unstable.
By increasing the coverage of the molecules and keeping the concentration of defects
constant, several molecules can share a defect site and profit from the energy gain,
while the energetic costs to create the defect stay the same. This way, adsorbate
induced reconstruction of the surface is enabled.
The easiest and also most prominent model of stable reconstruction effects is indeed given by the adatom-dithiolate model of Maksymovych, in which two thiolate
molecules share one Au-adatom (MeS-Au-MeS). Other types of reconstruction that
are thermodynamically possible at higher coverages reveal 1:1 and 1:2 ratios of
vacancies to molecules, furtheron denoted as (MeS-|_|) and (MeS-|_|-MeS), respectively. According to this analysis, the model of polymeric chains of MeS-Au moieties
((MeS-Au)n ), introduced by Grönbeck et al. [262], seems to be hardly stabilized. A
graphical overview of the different models of interest is given in Figure 5.15.
These structural motifs are now used for a more detailed study on the impact
of the molecular coverage. As shown in Figure 5.14b, the model of an adatommonothiolate moiety (Au-MeS) is significantly less stable than the adsorption at
net − E unrecon decreases
the unreconstructed surface. Although the difference Ead
ad
with increasing coverage, adsorption without reconstruction remains about 0.3 eV
more favorable. In contrast, polymeric chains ((MeS-Au)n ), that exhibit the same
adatom-to-molecule ratio as the Au-MeS model, are of comparable stability as the
adsorption complex without any reconstruction effects. But also for this model no
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Figure 5.15: Side and top views of different reconstruction motifs at different molecular
coverages.

clear preferrence of reconstruction effects can be deduced at any coverage. A distinct stabilisation both at low coverage (-0.26 eV) and at high coverage (-0.20 eV)
is obtained for a 1:2 ratio of adatoms to molecules (MeS-Au-MeS model).
By looking at the redistribution of the charge density due to adsorption (Figure 5.16), these results for different adatom-models can be nicely explained. In
the Au-MeS model only one strong covalent bond is formed between the S-atom
of the thiolate molecule and the Au adatom. This is indicated both by the enhanced charge density inbetween the adsorbate and the adatom and by a rather
short Au-S-distance of 2.28 Å. In the polymeric chain model, the thiolate’s S-atom
can establish two covalent bonds to the adjacent adatoms. Although each of the
two bonds is slighter weaker and correspondingly somehow longer than the Au-S
bond in the Au-MeS model, a stronger total interaction is obtained. However, in
both models no direct interaction with the underlying surface occurs. This is also
revealed by the rather large distance between the S-atom and the closest Au-atom
of the surface (3.54 Å) in the (MeS-Au)n model. In the MeS-Au-MeS model, both
a covalent bond to the adatom and a surface atom is formed. Additionally, as the
density of adatoms with respect to the molecular density is only half, less energy
has to be paid for creating the adatoms. Thus, this model is the most favorable one
at all considered coverages.
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Figure 5.16: Isosurfaces at values of +0.05 e/Å3 (red) and -0.05 e/Å3 (blue) of the charge
density difference of different adatom-models in a (3 × 3) overlayer structure on Au(111)
are shown. Besides, the distances between the thiolate’s S-atom and the closest Au-atoms
are indicated.

Furthermore, structures involving vacancy sites are considered in Figure 5.14b. The
creation of a vacancy site in the surface is, as already mentioned above, only exothermic, if at least two thiolate molecules benefit from the increased reactivity in Au
atoms surrounding the vacancy. Hence, at a molecular coverage of 1/9, the model
with one vacancy site per two thiolate molecules (MeS-|_|-MeS) is thermodynamically stable, in contrast to the model with one vacancy site per thiolate (MeS-|_|).
At that coverage the MeS-|_| model provides only one defect that is shared by two
molecules, the other vacancy does not affect more than one adsorbate. Only by doubling the molecular coverage, the second vacancy influences the Au atoms bound
net − E unrecon gets negative. Due to less energetic
to a further molecule and thus Ead
ad
costs to create one defect per two thiolate molecules, the MeS-|_|-MeS model is
still more stable at a coverage of 2/9. At the close-packed structure, however, the
higher density of vacancies provided by the MeS-|_| model is more favorable. In
that structure the two Au atoms bound to the thiolate molecule are surrounded by
four vacancies and are thus highly reactive. This defect-rich structure corresponds
to the honeycomb structure that has already been introduced by Molina and Hammer [213].
Finally, at all coverages the most stable structural motif of reconstruction is given by
the adatom-dithiolate model (MeS-Au-MeS). Yet, when going to higher coverages
methyl groups of neighboring molecules start interacting repulsively and the stability decreases. At monolayer coverage (θMeS =1/3), the MeS-Au-MeS model is only
net =40 meV). Further test studies
slightly more stable than the MeS-|_| model (∆Ead
of structures with vacancies sites located close to the adatom-dithiolate moiety did
not yield more favorable net adsorption energies.
In the results presented so far, the trans-configuration of the MeS-Au-MeS complex
has been considered, as it was
con√ found to be the most stable stereochemical
√
figuration both at low ((3×3 3) overlayer structure) and high ((3× 3) overlayer
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Figure 5.17: To illustrate the stereochemistry a side view of the (R,R)-trans adatomdithiolate adsorption complex is depicted in (a). The black bars represent the electron lone
pair. Different stereoisomers of the MeS-Au-MeS structure at a molecular coverage of 1/3
are shown in panels (b-d). In the trans-configuration the formally sp3 hybridised S-atoms
are either both in R-configuration (b) or both in S -configuration (c). In the cis-stereoisomer
(d) both the S - and the R-configuration is realized.

structure) coverages. At first glance this seems to contradict the results obtained by
Grönbeck et al. [259], who found at a molecular coverage of 1/3 the cis-configuration
to be considerably more stable. To clarify this discrepancy, the diastereomeric nature of the adsorbed adatom-dithiolate moiety has to be taken into account.
Assuming a sp3 -like hybridisation of the S-atoms in the adatom complexes, the Satom represents a chirality center and can be labelled as R- or S -type configuration
according to standard stereochemical nomenclature as proposed by Voznyy et al. in
Ref. [251]. Following their idea, Figure 5.17 illustrates
√ the stereochemistry of the
adatom-dithiolate complex. At low coverage ((3×3 3) unit cell), the cis-isomer is
only 22 meV less stable than the trans-configuration, irrespective of the
√ configuration of the S-atoms of the trans-configuration. In the close-packed (3× 3) structure
larger energetic differences emerge. Here, steric repulsion between methyl groups of
neighboring molecules destabilizes the (R,R)-trans configuration in comparison to
the (S,S)-trans or (R,S)-cis configuration, where less steric hindrance occurs. Thus,
the (S,S)-trans and the (R,S)-cis configurations are energetically favored. In the
study of Grönbeck et al. only the (R,R)-trans configuration has been considered
and compared to the (R,S)-cis configuration.
Admittedly, the actual experimentally observed structures might be more complicated implying a larger unit cell in which the MeS-Au-MeS moieties are arranged in
a different fashion, so that the cis-configuration is indeed more stable [251]. However, this is somehow beyond the scope of this study, as it only intends to show
trends of different structural motifs at different coverages using rather simple models.
A prerequisite for thermodynamically stable reconstruction effects is, that the coverage of S-atoms in the close vicinity of the defect, may it consist of an adatom or
vacancy site, is high enough to saturate the dangling bonds of the highly reactive
Au atoms. But instead of increasing the coverage of monothiolate-molecules, one
might simply increase the coverage of S-atoms by increasing the number of thiolate groups within the molecule to facilitate the creation of stable defect structures.
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Figure 5.18: Top views of DFT-PBE optimized structures of 1,3-propanedithiolate (1,3PDT) adsorbed on Au(111) at different coverages (θ1,3−PDT ). Defect structures
are created
√
by subsequently removing the Au atoms a-h of the (3 × 3) or (3 × 3) unit cell. The
tables assign the defect concentration (c(defect)) to the respective structure used in the
calculation.

Therefore, the influence of defect sites on the adsorption of dithiol molecules was
studied using 1,3-propanedithiol as model system. In analogy to the procedure for
creating defects in case of the adsorption of MeS, the structures √
are designed by
subsequently removing atoms out of the (3 × 3) or out of the (3 × 3) surface unit
cell to simulate molecular coverages of 1/9 or 1/6, respectively (see Figure 5.18).
Indeed for this dithiolate system, stable defect structures are already possible at a
molecular coverage of 1/9 (see Figure 5.19). Because a dithiolate coverage of 1/9
(1/6) corresponds to a coverage of S-atoms of 2/9 (1/3), the curves θ1,3−PDT = 1/9
and θ1,3−PDT = 1/6 in Figure 5.19 closely ressemble the curves of the net adsorption energy of the adsorption of MeS at a molecular coverage of 2/9 and 1/3
(Figure 5.14a), respectively. Again, one of the most stable structures at both coverages involves one adatom per two S-atoms. Like in the MeS-Au-MeS model, the
adatom is located above a bridge position and the coordinated S-atoms occupy top
positions of the underlying Au surface. However, since the S-atoms are now bridged
by an alkyl backbone to further S-atoms, that again coordinate Au adatoms, this
structure might also be understood as a polymeric chain. Corresponding to the
unfavorable net adsorption energy of the adatom-monothiolate model of MeS (AuMeS), the defect structure of the adsorption of 1,3-PDT that involves one adatom
per S-atom (c(defect)=7/9 or 2/3 for a molecular coverage of 1/9 or 1/6 respectively) is very unstable. At the densely packed structure (a molecular coverage of
1/6) the structure that includes one vacancy per S-atom (c(defect)=1/3)) is as stable as the adatom model, analogously to the high stability of the MeS-|_| model at
a MeS-coverage of 1/3.
By changing the backbone of 1,3-PDT to include an aromatic part, most relative
stabilities of the different defect structures stay the same. A distinct difference is
only present for the adatom model. In order to occupy the top positions, the distance of the molecule’s S-atoms has to be increased by about 0.6 Å compared to
their distance in the isolated systems. 1,3-PDT contains many rotational degrees
of freedom and thus it is rather easy to realize this distortion. In contrast, the
phenylgroup of MMBT introduces some kind of stiffness into the system and less
conformational changes are possible. Thus, a large increase of the S-S distance goes
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Figure 5.19: The net adsorption energy of 1,3-propanedithiolate (1,3-PDT) at molecular
coverages of 1/9 and 1/6 and mercaptomethylbenzenethiolate (MMBT) at a molecular
coverage of 1/6 is shown relative to the adsorption energy of the unreconstructed adsorption
complex. Connecting lines are just a guide to the eyes. On the right, top views of the
most stable structure and of the adatom model are shown. The respective sulfur-sulfur
distances in the structures are given, indicating the degree of distortion from the most
stable conformer in the gas phase, where the S-atoms are separated by 4.28 Å (1,3-PDT)
or 4.32 Å (MMBT).

along with high energetic costs to be paid. So the adatom model of MMBT is
realized in a different manner. Here, the Au adatoms occupy the unfavorable top
positions and the S-atoms are almost ontop of adjacent Au atoms. This explains
the unfavorable net adsorption energy of adatom-models for MMBT compared to
other defect structures.
To conclude, it could be shown that adsorbate induced reconstruction of the Au(111)
surface is thermodynamically possible over a large range of coverages and different
types of thiolate molecules. Thereby, the (S,S)-trans configuration of the adatomdithiolate model presents the most stable reconstruction motif. Yet, not only the
interaction between the S-atom and the Au surface determines the structural motif of the reconstruction effect, but also structural properties of the molecules, i.e.
their stiffness or the occurrence of sterical hindrance, can contribute to the relative
stability of different kinds of defects.
By now, the adsorbate induced reconstruction effects have only been considered
from the energetic point of view, but no simulations of experimental observables
have been done. Such a direct comparison between experiment and theory might
be helpful to prove or disprove different models of reconstruction effects that have
been suggested. This issue is addressed in the next section.
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Figure 5.20: Micrograph (a) depicts an experimental STM-image of the BM-SAM,
reprinted with permission from Ref. [56], © 2008 American Chemical Society. In (b)-(d)
simulated STM-images for different models of the BM-SAM are shown (Vsample =+0.7 V,
isosurface value = 5×10−5 e/Å3 ). The PBE net adsorption energies as defined in eq. (5.8)
are given as well.

5.5

Analyzing SAM structures using vibrational spectroscopy

Imaging or diffraction methods are undenyably valuable tools to determine the periodicity of the overlayer structure. Additionally, at low temperature and low coverages or 2D-networks of large organic molecules, STM experiments might even be
used to deduce structural proposals. However, they often do not reveal too much
information about the internal structure of a close-packed SAM. A comparison between the experimental and simulated STM-images of the BM-SAM on Au(111)
shows, that a fairly good agreement can be found for various models of the SAM
(see Figure 5.20): solely based on these results, it might be hard to decide which conformer is actually present or whether some reconstruction of the surface is going on,
in particular as the corresponding adsorption energies are rather similar as well and
still lack a thorough description of dispersion interactions. Thus, further comparison between experiment and theory is desirable. Especially vibrational spectroscopy
became a common tool of surface science, as different selection rules might help to
determine the orientation of molecules on surfaces. Yet, there are only very few theoretical studies about vibrational spectroscopy of SAMs [26, 69, 70, 242, 266–268]
and their agreement with experimental studies is limited.
This is indicated in Figure 5.21 that compares experimental infrared reflection absortion (IRRA) spectra of the BM- and MMBT-SAM [26, 65, 239] with simulated
spectra obtained within the finite difference approach. Although the comparison
between theory and experiment is very nice as far as the calculated spectra of the
isolated molecules and the experimental bulk IR spectra are concerned (not shown
here, see e.g. Ref. [26]), obvious discrepancies in the respective spectra of the SAM
are present. As expected, the harmonic approach of the simulation method com101
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Figure 5.21: Comparsion of simulated IR spectra (lower panels) to experimental IRRA
spectra (upper panels) for (a) BM and (b) MMBT. The simulated√ IR √
spectra have been
obtained by a finite differences approach
using the earlier proposed ( 3× 3)R30◦ structure
√
for the BM-SAM and the (3 × 3)rect structure for the MMBT-SAM. The structures
are shown as insets. Panel (i) of the experimental IRRA spectra of BM is taken from
Ref. [65], reproduced by permission of the PCCP Owner Society. Panel (ii) is reprinted
with permission from Ref. [239], © 1997, American Chemical Society. The experimental
IRRA spectrum of MMBT is taken from Ref. [26].

pletely fails in describing the C-H stretching modes at high frequencies. But also
in the mid- and low-frequency region of the infrared spectroscopic data there is
a striking disparity between theory and experiment: both for the BM- and the
MMBT-SAM the simulated IR spectra predict the bands at around 1200 cm−1 to
be the most intense ones, whereas in experiments these bands show only a rather
weak intensity [239] or are not visible at all [26, 65]. A closer look at the modes corresponding to these bands (see Figure 5.22 for BM and Ref. [26] for MMBT) reveals
that they are combination modes of the in plane C-H bending modes with strong
contributions from the wagging mode of the CH2 group. It might be speculated that
different configurations are actually present in which the transition dipole moments
of these modes are more parallel to the surface. According to the surface selection
rule this would lead to an attenuation of the corresponding bands.
On the other hand, the bands corresponding to the in plane C-H bending mode
found experimentally at 1459 cm−1 for MMBT [26] and at 1492 cm−1 for BM [65]
agree well with the computed frequencies of 1446 cm−1 and 1488 cm−1 , respectively.
Comparable wavenumbers and intensities are also found for the ring in plane deformation mode of adsorbed BM (1028 cm−1 (exp.) [65] and 1035 cm−1 (calc.)). For
MMBT, similiarly strong bands corresponding to combination modes of the ring out
of plane deformation and wagging or rocking mode of the CH2 group are observed
at 755 cm−1 and 724 cm−1 in experiments and at 744 cm−1 and 724 cm−1 in the
simulated spectrum. Changing the orientation of the molecules alters the direction
of the transition dipole moment of these modes as well. Consequently, the intensities of the corresponding bands in the IR-spectra are affected and the agreement
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Figure
5.22:
Assignment of some vibrational modes of BM adsorbed on Au(111) within
√
√
a ( 3 × 3)R30◦ unit cell. Both the corresponding frequencies and the (IR / HREELS)
relative intensities are given. The stretching and deformation modes are abbreviated as
ν and δ. The notation γwag corresponds to the wagging mode of the CH2 group. The
shortcuts ip and oop denote “in plane” and “out of plane”, respectively.

between theory and experiment concerning these modes might deteriorate.
In any case, comparison of the experimental data to simulated spectra of further models of the SAMs is necessary. However, as pointed out before, IRRASexperiments are less sensitive in the low frequency regime, where, in contrast,
HREEL spectroscopy is much more reliable. Thus, the following paragraphs emphasize the simulation of HREEL-spectra instead of IR-spectra, taking the adsorption
of the simpler BM molecule on Au(111) as example. Different configurations, structures including surface defects and the impact of temperature are studied.
The ability of vibrational spectroscopy to distinguish between different configurations of a molecule at the surface is indicated in Figure 5.23. In particular, the
bands√of low
√ frequency modes depend on the actual rotational conformer of BM in
the ( 3 × 3)R30◦ overlayer structure. For example the excitation of the rocking
mode of the CH2 -group of adsorbed BM is facilitated due to less sterical hindrance
if the dihedral angle (θSCCC ) between the plane of the phenyl ring and the plane
containing the S-, C1 - and C2 -atom is about 40°. The rocking mode couples with
lower lying modes such as ring deformation modes or the Au-S strechting mode,
leading to different orientations of the transition dipole moments and thus different
intensities of the corresponding bands in the IR spectrum. At the same time, in
this conformer the electronegative S-atom and the electropositive ring H-atom get
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Figure 5.23: In (a) simulated HREEL-spectra
√ √ (lower and middle panel) of different conformers of BM adsorbed on Au(111) in ( 3× 3)R30◦ unit cell are shown in comparison to
an experimental HREEL-spectrum (upper panel) which is reprinted from Ref. [67], © 2004,
with permission from Elsevier. Top views of the surface structures of the different conformers are shown on the right. The corresponding side views are depicted in (b), along with
the electrostatic potential mapped onto an isosurface of the total charge (isosurface value:
0.02 a.u.).

rather close to each other having a distance of only 2.80 Å. As shown by the weaker
electrostatic potential at the S-atom (compared to its potential in the conformer
with θSCCC =90°), an intramolecular H-bond is formed. The interaction with the
substrate is weakened. This strengthens the S-C bond, going along with a blueshift
of the band corresbonding to the S-C stretching mode in the HREEL-spectrum. Although these are rather weak effects, the comparison to the experimental HREELspectrum [67] is slightly improved.
However, the agreement is not perfect yet. The intensities of the bands at around
1200 cm−1 are still largely overestimated.
Yet, as already mentioned in the previous sections, these models of the BM-SAM are
probably too simple to give a realistic description of the SAM found experimentally.
More complicated structures and reconstruction effects are likely
to be present. Fig√ √
ure 5.24 compares calculated HREEL-spectra of the simple ( 3× 3)R30◦ overlayer
structure to spectra of the most stable structures that partly include reconstruction
effects, as introduced before. In the range where experimental data are available,
all spectra are very similar. Besides the differences in the frequencies of the bands
corresponding to the S-C stretching mode, that, as discussed before, favor models in
which all molecules reveal an internal dihedral angle θSCCC of 40°, disparities occur
mainly at wavenumbers smaller than 600 cm−1 . Evidently, in particular the bands
in the range of 200-300 cm−1 , where Au-S stretching modes can be found, depend
on the actual structure of the SAM and the underlying surface. Structure II of Figure 5.24, stabilized by stronger electrostatic interactions between the phenyl rings,
contains both kinds of rotational conformers of BM discussed above: the stronger
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Figure 5.24: Simulated HREEL-spectra of different structures of BM on Au(111) including surface reconstructions. The respective net adsorption energies as defined in eq. (5.8)
are given as well.

bound conformer with an internal dihedral angle of θSCCC =90° and the conformer
with an internal dihedral angle of θSCCC =40° that is slightly weaker bound to the
surface. Consequently, more bands with contributions of the Au-S stretching modes
are visible in the HREEL spectrum: ν(Au-S) is observed at around 197 cm−1 ,
199 cm−1 , 252 cm−1 and 280 cm−1 . The even stronger binding energy of BM to
the surface containing defects (structure III) is revealed by a blueshift of the Au-S
stretching modes of about ∆ν̃=7-17 cm−1 . Furthermore, in structure III the excitation of the wagging mode of the CH2 group is alleviated and couples to the Au-S
stretching mode. The orientation of the transition dipole moment changes and an
additional band at 215 cm−1 occurs. In the structure including a Au adatom (structure IV) some modes with contributions of stretching vibrations of the bond between
the S-atom and the Au-atoms of the surface occur at slightly smaller wavenumbers
(191 cm−1 and 201 cm−1 ) compared to their position in the spectrum of structure
III. On the contrary, the bands at around 300 cm−1 feature contributions of the
Au-S stretching mode of the bond between the S-atom and the Au-adatom. They
are shifted to higher wavenumbers (∆ν̃=3-17 cm−1 ) and, as assumed intuitively,
the transition dipole moments of these vibrational modes are almost parallel to the
surface. Thus, according to the surface selection rule, they show very weak relative
intensities in the vibrational spectrum, in contrast to the relative intensities of the
bands in that frequency range of the structures I-III.
Hence, with the help of vibrational spectroscopy the presence or absence of Au
adatoms in SAMs can be demonstrated by looking at the bands at around 300
cm−1 . Further experiments concerning vibrations in that frequency range would
be desirable to prove or disprove adsorbate induced reconstruction effects of the
surface. First successful attempts for verifying adatom structures by means of a
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Figure 5.25: Time dependent changes of the
ϑ and azimuthal ϕ angle of the
√
√ inclination
S-C bond of BM adsorbed on Au(111) in a ( 3 × 3)R30◦ unit cell.

comparison of experimental and computational vibrational spectroscopy have been
reported by Nagoya et al. for the adsorption of methanethiolate on Au(111) [69].
However, also in structures that include surface reconstruction effects the problem
of the overestimated intensities of the bands in the region at around 1200 cm−1
remains.
To explain this overestimation of the intensities the simulation method needs to be
reconsidered. While all simulated spectra presented so far are have been calculated
at 0 K, the experimental spectra were recorded at room temperature. In order
to study the influence of the temperature, AIMD simulations of a microcanonical
ensemble have been done at different temperatures using a time step
1 fs. The
√ of √
time dependent changes of the structure of the BM molecule in a ( 3 × 3)R30◦ structure are pursuited by monitoring both the inclination (ϑ) and the azimuthal
(ϕ) angle of the S-C bond (see Figure 5.25). At low temperature (10 K) both angles
do not vary by more than 10 degrees. By increasing the temperature the molecule
gets more thermal energy to explore its configurational space and the variation in
the angles increases to ∆ϑ = 16° and ∆ϕ = 25° at 100 K and to ∆ϑ = 30° and
∆ϕ = 51° at 300 K. This movement of the molecule corresponds to frustrated rotations observed at 0 K in the low frequency regime: the modes of frustrated rotation
occur at frequencies of 34 cm−1 and 96 cm−1 for variations of ϑ and at 57 cm−1
and 173 cm−1 for variations of ϕ. The corresponding energies (4 meV, 12 meV, 7
meV and 21 meV) show that these vibrational states are indeed (partly) populated
at elevated temperatures (kT= 9 meV for T= 100 K and 26 meV for T= 300 K).
First of all these dynamical studies show, that under ambient conditions SAMs are
by no means rigid surfaces with fixed geometrical properties, but a rather large distribution of e.g. inclination angles can be observed. Of course, this strong variation
in ϑ will also affect the orientation of the transition dipole moment of the vibrational modes relative to the surface, leading to different intensities of the bands in
the vibrational spectrum. However, this is true for all modes and should influence
all intensities. Upon changes of the azimuthal angle, the positions of the H-atoms
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Figure 5.26: √The√influence of temperature on vibrational spectra of BM adsorbed on
Au(111) in a ( 3 × 3)R30◦ unit cell is shown in (a). The spectra have been calculated by
means of the finite difference method and fourier transformations of the dipole autocorrelation function (FT-DACF) of MD simulations at different temperatures. In (b) FT-DACFs
of BM in different overlayer structures are contrasted. For comparison the frequencies of
the experimentally observed vibrational bands [65, 67, 239] are indicated as blue dashed
lines. The blue shaded region corresponds to the broad band observed in the experimental
HREEL spectrum [67].

of the CH2 group relative to the substrate atoms change. Since this group is located close to the surface, the relative position of the H-atoms should affect almost
exclusively the energy needed to excite their vibrations.
These predictions about the impact of the temperature induced movement of the
molecules on the vibrations can be confirmed by calculating the spectrum as Fourier
Transform of the dipole autocorrelation function (calculational details see chapter 2.2). With increasing temperature the bands at around 1200 cm−1 , that correspond to the wagging mode of the CH2 group, get broadened and lower in intensity
relative to other bands that correspond to modes in which the CH2 group is not
involved (e.g. the bands at around 1000 cm−1 or 1500 cm−1 , see Figure 5.26a).
The aspect that temperature induced conformational changes give rise to a natural
broadening of vibrational bands is well known and accounted for in simulations of
vibrational spectra of e.g. peptides in the gas phase [72, 269], but no attention was
paid to such phenomena in the simulation of IR-spectra of SAMs so far. However,
the studies shown above (Figure 5.25 and 5.26) clearly reveal, that analogously to
the conformational changes of molecules in the gas phase, the thermal excitation
of frustrated rotations of chemisorbed molecules is essential for the appearence of
the vibrational spectra. It needs to be taken into account into simulations to yield
results comparable to experiment.
In Figure 5.26b all issues discussed in the previous paragraphs are summarized. The
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overlayer structure of BM on Au(111), that involves a Au adatom is energetically the
most favorable one. It contains BM molecules that have
√ an
√ internal dihedral angle
of 40° and thus a stronger S-C bond as in the simple ( 3× 3)R30◦ structure where
the molecules reveal a dihedral angle of about 90°. The corresponding blueshift of
the S-C stretching mode improves the agreement with experiment. Additionally,
the frequency of the band corresponding to the ring in plane deformation and CH
bending mode at around 1000 cm−1 seems to be better reproduced by the structure
involving the Au adatom. However, these are only rather weak hints in favor of
the adatom model of BM on Au(111) and a final proof of adsorbate induced reconstruction effects might only be given by comparing calculated and experimental
vibrational spectra in the frequency range, where Au-S stretching vibration occur.
Finally, it should be emphasized that only by including the conformational dynamics
at finite temperatures, the calculated intensities of both model structures shown
in Figure 5.26b agree reasonably with the measured intensities of IR or HREELS
experiments.
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Conclusion and Outlook
Regarding the adsorption and structure formation of organic molecules on inorganic
surfaces many long-standing discrepancies between experiment and theory have been
resolved on the basis of dispersion corrected DFT calculations within this thesis.
Among the different contemporary methods to consider dispersion forces in DFT calculations, semi-empirical correction schemes turned out to be both accurate enough
and computationally affordable to be employed to extended surfaces. Although the
correct treatment of metallic screening effects within dispersion correction schemes
is not completely clear yet, approximative methods have been introduced. Their
applicability has been proven successfully for a broad range of systems: Employing
dispersion corrected DFT calculations to physisorbed aromates on metallic surfaces,
both the adsorption energies and the adsorption distances get close to the corresponding values deduced from experiments. This allowed a quantitative refinement
of the description of the electronic properties of the adsorption complex. Concerning chemisorbed thiolate molecules, the stability of various experimentally observed
structures could finally be verified. As expected, in particular for validating the
experimental observation of striped phase structures of alkanethiolates at submonolayer coverages, the inclusion of dispersive interactions
found to be imperative.
√ was √
But also at monolayer coverages, the well-known ( 3 × 3) overlayer structure
could only be rationalized as its dimension is similar to the equilibrium distances of
the intermolecular van der Waals interactions of thiolates with different rest groups.
Studies of the chemical bond between the anchor group and the substrate showed,
that significant modifications of its binding strength can only be obtained by using
different chalcogenates or by introducing a second thiolate group in the molecule.
Additionally, it could be shown, that reconstructions of the surface due to the adsorption of thiolate molecules are thermodynamically possible. The consideration
of this rather new concept of a direct involvement of surface atoms in the structure formation unveils that a structural motif of two thiolate molecules sharing one
surface adatom is indeed the most stable one, not only at low coverage, but also if
higher coverages are taken into account. However, reconstruction effects involving
vacancies in the surface are at higher coverages almost as stable as such an adatom
109

Chapter 6

Figure 6.1: An outlook towards the adsorption of molecules on more realistic surfaces
is shown. Adsorption geometries and energies calculated by means of the PBE-D3-1layer
method of different aromates on Ag(100), Ag(711) and Ag(18 3 -2) are indicated.

model.
The agreement between experiment and theory was furtheron affirmed by simulating
STM images and vibrational spectra. In particular simulations of HREEL spectra
have shown that both the frequency and the intensity of the band corresponding
to the Au-S stretching mode strongly depend on the reconstructural motif. Thus,
HREELS experiments in the low frequency regime might be helpful to solve the debate on different reconstruction effects in SAMs. Concerning the simulation methods, it could be shown, that in some cases the inclusion of experimental conditions
is mandatory to yield meaningful results. By an ab initio atomistic thermodynamics approach, that invokes the impact of the environment in an indirect fashion,
the thermodynamic stability of the experimentally observed overlayer structure of
a dithiolate molecule could be confirmed for a large region of the chemical potential
of the molecule, and thus for a broad range of experimental conditions. By means of
AIMD simulations temperature effects were accounted for explicitly and the sampling of the adsorbate’s configurational space at room temperature improved for
example the agreement of simulated and experimental IR intensities significantly.
Much more can be done towards a more realistic description of systems composed of
organic molecules and inorganic surfaces, but these first results show already, that ab
initio calculations are by no means restricted to structures at 0 K. For a better comparison of structures formed from solution, the solvent might be incorporated into
the model, either, if possible, directly or at least indirectly via its dielectric constant.
First steps towards an explicit description of solvents have been realized in this work
by calculations of water bilayers on metallic surfaces. The stability of such systems
could be nicely explained, if van der Waals interactions were regarded, but due to a
fortuitous cancellation of errors the pure PBE functional already yields a reasonable
adsorption geometry and thus reasonable electronic properties, explaining the good
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results of metal-water systems reported before. Besides, the impact of an electric
field might be interesting, as many self-assembled monolayers are characterized electrochemically [270]. Lastly, calculations of the adsorption at more realistic surfaces
than the idealized surfaces pretending infinite extended atomically smooth terraces
would be relevant as well. To study the impact of more complicated surface morphologies, first model studies have been initiated by looking at the adsorption of
aromates on step edges and kink sites (see Figure 6.1 and [271]). The results we
report in there indicate that hetereoaromates such as pyridine adsorb preferentially
at kink sites, followed by the adsorption at step edges, whereas the adsorption at
flat terraces is least attractive. On the other hand, the potential energy surface of
the adsorption of benzene on the same surfaces is much less corrugated and no real
preferrence is observed. So, in contrast to the d-band model for chemisorbed systems, there is probably no unique answer to the question of the impact of different
surface orientations on the adsorption of mainly physisorbed organic molecules, but
it needs to be studied in detail for various adsorbates.
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Convergency studies
The adsorption energy (see eq. (2.52)) is one of the most crucial parameters in this
work. Consequently, convergency studies have been done predominantly with respect to this property. The results are summarized in the following. As case study,
the adsorption of methanethiolate within a (3×3) overlayer structure on Au(111) is
used. Its geometric model is shown in Figure A.1. In all calculations the molecule’s
atoms and the two uppermost layers of the substrate were allowed to relax.
First the adsorption properties with respect to an increasing cutoff energy, i.e. an
increasing basis set, are studied (see Table A.1). Obviously, for this system an energy cutoff of 350 eV seems already to be good enough to yield converged results of
both the adsorption energy and the adsorption geometry (∆d=0.001 Å, ∆ϑ=0.024°).
However, if an energy cutoff of 400 eV is applied, even the total energy is converged
to a range of about 20 meV. Throughout this work the increased energy cutoff of
400 eV is used.
Second, a sufficient amount of k-points is needed (see Table A.2). It turned out that
with respect to the adsorption energy even Monkhorst-Pack k-point meshs converge
Table A.1: Energies and geometrical parameters of the adsorption of methanethiolate
within a (3×3) overlayer structure on Au(111) calculated with different cutoff energies.
For all calculations a 4×4×1 k-point mesh and a slab consisting of 5 atomic layers and a
vacuum region of 15 Å has been employed.

Ecutoff (eV)

Etot (eV)

Ead (eV)

d

ϑ (°)

350
400
450
500

-165.706
-165.746
-165.755
-165.739

-1.735
-1.735
-1.735
-1.735

2.003
2.003
2.002
2.003

51.496
51.473
51.467
51.462
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Figure A.1: Top and side view of the unit cell
of methanethiolate adsorbed on Au(111) within a
(3×3) overlayer structure. Geometrical parameters of the adsorption complex, such as the inclination angle (ϑ), the distance between the S-atom
and the average position of the surface atoms (d)
are defined. Besides, the length of the vaccum
region separating periodic images of the slab is indicated (Z). Here, 5 layers of metal atoms are used
to represent the surface.

faster than k-point meshs composed of odd numbers of k-points. Hence, a 4×4×1
mesh is employed for the integration over the first Brillouin zone. For other unit
cells of the overlayer structure, the k-point mesh is adjusted correspondingly.
Besides, the convergency with respect to the size of the vacuum region inserted
to separate periodic images of the slab is studied (see Table A.3). By increasing
the region of vacuum between the metallic slabs from 15 Å to 35 Å, the absolute
amount of the adsorption energy only decreases by about 5 meV and the adsorption
geometry does not change at all. So, regarding small adsorbates a vacuum region
of 15 Å is large enough. Evidently, if larger adsorbates are studied, the length of
the vacuum region has to be adjusted.
Eventually, the convergency behaviour concerning the number of atomic layers used
to model the surface is of interest (see Table A.4). Using slabs with up to 6 atomic
layers the adsorption energy is only converged to a few tens meV. For the sake of
computational efficiency the calculations within this work have been restricted to a
slab built up by 5 atomic layers, bearing the incomplete convergence in mind.
As all other systems studied in this work are rather similiar, these convergency
studies are likely to be transferable and the parameters determined for MeS on
Au(111) are applied to all other calculations in this work as well, if not stated
otherwise.
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Table A.2: Adsorption energy and geometry of methanethiolate within a (3×3) overlayer
structure on Au(111) calculated with different Monkhorst-Pack k-point meshs at a cutoff
energy of 400 eV. For all calculations a slab consisting of 5 atomic layers and a vacuum
region of 15 Å has been employed.

k-points

Ead (eV)

d (Å)

ϑ (°)

k-points

Ead (eV)

d (Å)

ϑ (°)

2×2×1
4×4×1
6×6×1
8×8×1

-1.795
-1.735
-1.736
-1.736

1.956
2.003
1.997
1.995

51.259
51.473
51.439
51.406

3×3×1
5×5×1
7×7×1
9×9×1

-1.935
-1.658
-1.722
-1.763

1.919
2.023
1.993
1.990

50.084
52.260
51.463
51.436

Table A.3: Adsorption energy and geometry of methanethiolate within a (3×3) overlayer
structure on Au(111) calculated with various length of the vacuum region Z perpendicular
to the surface in connection with 5 atomic layers to model the slab. For all calculations a
cutoff energy of 400 eV and a 4×4×1 Monkhorst-Pack k-point mesh has been employed.

Z (Å)

Ead (eV)

d (Å)

ϑ (°)

15
20
25
30
35

-1.735
-1.733
-1.731
-1.731
-1.730

2.003
2.003
2.003
2.003
2.003

51.473
51.473
51.473
51.473
51.473

Table A.4: Adsorption energy and geometry of methanethiolate within a (3×3) overlayer
structure on Au(111) calculated with different numbers of layers to model the slab and
a vacuum region of 15 Å. For all calculations a cutoff energy of 400 eV and a 4×4×1
Monkhorst-Pack k-point mesh has been employed.

3 layers
4 layers
5 layers
6 layers
7 layers

Ead (eV)

d (Å)

ϑ (°)

-1.702
-1.704
-1.735
-1.745
-1.721

1.980
1.968
2.003
1.987
2.016

51.497
51.305
51.473
51.271
52.032

115

Appendix B

Properties of bare metals
One of the main reasons why the PBE functional has been chosen in this work is
its good performance in describing solids. To underline this well-known advantage,
the calculated properties of bare fcc-metals used in this work are summarized and
contrasted to experimental values in Table B.1. All calculations employ a cutoffenergy of 400 eV.
The theoretical lattice constant (a0 ) of the fcc crystals has been determined by
changing its value in steps of 0.001 Å until a minimum in the energy (Ebulk ) is
obtained. The cohesive energy is calculated from this bulk energy by substracting
the energy of the isolated metal atom in its ground state (Eatom ):
Ecoh = Ebulk − Eatom .

(B.1)

For bulk calculations a 11×11×11 Monkhorst-Pack k-point mesh turned out to be
sufficient to yield converged results within 10 meV.
As shown in Table B.1 experimental and calculated bulk properties agree very well.
The maximum deviation of computed lattice constants amounts 19%, computed
lattice energies deviate at most by 2%.
Concerning the calculation of surface properties, slabs built up by five atomic layers
are used. The uppermost two atomic layers were allowed to relax. The primitive
surface unit cells of the (111) surfaces are studied in connection with a 13×13×1
Monkhorst-Pack k-point mesh. Such a setup yielded converged results for the surface energy, obtained according to
γ=

1
(Esurf − N Ebulk ),
2A

(B.2)

whereby A denotes the surface area, Esurf is the energy of the slab and N corresponds
to the number of atoms. Besides, the workfunction, calculated as difference between
the vacuum energy and the Fermi energy, is given in Table B.1.
While computed workfunctions are close by the experimental values (maximum
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deviation of 8%), the comparison of experimental and calculated surface energies
shows deviations up to a factor of two. However, it should be mentioned, that
the experimental determination of surface energies is associated with rather large
uncertainties. Usually, experimental surface energies of solids can only be deduced
from the liquid phase. Thus, calculated values are often much more reliable.

(111) surface

bulk

Table B.1: Calculated and experimental properties of bulk metals and the respective (111)
surfaces: lattice constants a0 , cohesive energies Ecoh , surface energies γ and workfunctions
Φ are listed.

a

Ref. [139]
Ref. [272]
c
Ref. [273]
b
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Pd

Pt

Cu

Ag

Au

a0 (Å)

PBE
exp.a

3.957
3.89

3.975
3.92

3.636
3.61

4.166
4.09

4.171
4.08

Ecoh (eV/atom)

PBE
exp.a

-3.69
-3.89

-5.53
-5.84

-3.48
-3.49

-2.49
-2.95

-3.10
-3.81

γ (eV/Å2 )

PBE
exp.b

0.08
0.13

0.10
0.16

0.08
0.11

0.04
0.08

0.05
0.09

Φ (eV)

PBE
exp.c

5.27
5.60

5.70
5.93

4.72
4.94

4.38
4.74

5.05
5.31
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