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Abstract

In this work, the ordered adsorption of pyridine-based molecular building blocks
was studied with force field and density functional theory (DFT) methods. The
bis(terpyridine) (BTP) molecules are relatively large organic molecules that have
already been studied in numerous experiments. Thus calculations concerning
these molecules are of interest in two different ways:

• The theoretical input can help to explain the experimental observations,
as has been done in several publications so far.

• From a theoretical point of view, the system provides challenges for the
currently used methods, due to their size and due to the specific interac-
tions in the system.

From the calculations, one expects to gain deeper insight into the principles of
structure formation as well as into the modification of such structures. The in-
terplay between substrate-adsorbate interaction and intermolecular interactions
in the adsorbate layer is critical for the formation of patterned surfaces.
In this work, different computational methods were compared carefully and val-
idated critically as a starting point. In a first step towards modeling realistic
systems, the electronic properties of isolated BTP molecules and their phenyl-
septipyridine substitutes were addressed.
The different kinds of interactions such as van der Waals interaction between
surface and adsorbed molecule or hydrogen bonds between the BTP molecules
provided further insight into the advantages and disadvantages of the methods
used. Furthermore, a careful analysis of these interactions could help to better
understand the surface structure formation.
In the next step, experimentally observed surface structures were simulated with
force fields. Even though a qualitative agreement between theory and experi-
ment could be obtained, the weak points of the theoretical methods could be
perceived clearly. In standard DFT methods, the main problem is that van der
Waals interaction is not taken into account properly. Correction schemes have
to be used in order to compensate for that. On the other hand, force fields
tend to overestimate van der Waals interactions and underestimate the weak
hydrogen bonds that are important for the BTP surface structure formation.
The surface structures were then modified in different ways. A hexagonal 3,3’-
BTP polymorph was used as a template for the ordered adsorption of further
molecules. Here, a relation between the size of the guest molecule and its mo-
bility in the host-guest system could be found. In another approach, the surface
could be modified in a chemical reaction with oxygen. At this point, calcula-
tions could help to understand which oxide species is formed.
Finally, an explicit solvation model was used in force field calculations. This
model proved to be necessary for an accurate description of the system.
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Zusammenfassung

In dieser Arbeit wurde die geordnete Adsorption von molekularen Bausteinen,
die auf Pyridin-Untereinheiten basieren, mit Kraftfeldmethoden und Methoden
der Dichtefunktionaltheorie (DFT) untersucht. Die Bis(terpyridin)-Moleküle
(BTPs) sind relativ große organische Moleküle, die bereits in zahlreichen Ex-
perimenten untersucht wurden. Daher sind Berechnungen dieser Moleküle aus
zweierlei Hinsicht von Interesse:

• Der theoretische Beitrag kann helfen, die experimentellen Beobachtungen
zu erklären, wie bereits in einigen Publikationen geschehen.

• Aus theoretischer Sicht hält das System aufgrund seiner Größe und der
spezifischen Wechselwirkungen in diesem System Herausforderungen für
die derzeit verbreiteten Methoden bereit.

Es wird erwartet, dass die Rechnungen einen tieferen Einblick sowohl in die
Prinzipien der Strukturbildung als auch in die diversen Veränderungsmöglich-
keiten solcher Strukturen liefern sollen. Das Zusammenspiel der Wechselwir-
kungen zwischen Substrat und Adsorbat auf der einen und intermolekularen
Wechselwirkungen auf der anderen Seite ist bedeutsam für die Bildung der
geordneten Strukturen.
In dieser Arbeit wurden als Ausgangspunkt verschiedene Rechenmethoden genau
verglichen und kritisch analysiert. Als erster Schritt hin zur Modellierung
realistischer Systeme wurden die elektronischen Eigenschaften isolierter BTP-
Moleküle und ihrer Phenyl-Septipyridin-Analoga untersucht.
Die verschiedenen Arten der Wechselwirkung wie die van der Waals-Wechsel-
wirkung zwischen Oberfläche und absorbiertem Molekül oder die Wasserstoff-
brückenbindungen zwischen den BTP-Molekülen lieferten weitere Einblicke in
die Vor- und Nachteile der verwendeten Methoden. Zudem konnte eine genaue
Analyse dieser verschiedenen Wechselwirkungen helfen, die Bildung der Ober-
flächenstrukturen besser zu verstehen.
Im nächsten Schritt wurden experimentell beobachtete Oberflächenstrukturen
mit der Hilfe von Kraftfeldern simuliert. Obwohl eine qualitative Überein-
stimmung zwischen Theorie und Experiment erhalten wurde, traten die Schwach-
stellen der theoretischen Methoden deutlich hervor. Mit den gängigen DFT-
Methoden wird die van der Waals-Wechselwirkung nur ungenügend beschrieben.
Dieser Mangel muss mit Hilfe einer Korrekturmethode ausgeglichen werden.
Andererseits neigen Kraftfelder dazu, die van der Waals-Wechselwirkung zu
überschätzen und gleichzeitig die schwachen Wasserstoffbrückenbindungen zu
unterschätzen, die für die Bildung von Oberflächenstrukturen aus BTP-Mole-
külen wichtig sind.
Die Oberflächenstrukturen wurden dann auf verschiedene Arten modifiziert. Ein
hexagonales Polymorph von 3,3’-BTP wurde als Templat für die geordnete Ad-
sorption von weiteren Molekülen verwendet. Hier wurde ein Zusammenhang
zwischen der Größe des Gastmoleküls und seiner Beweglichkeit innerhalb des
Wirt-Gast-Systems gefunden. In einem weiteren Ansatz konnte die Oberfläche
durch eine chemische Reaktion mit Sauerstoff modifiziert werden. Hier konnten
die Rechnungen dazu beitragen, das sich bildende Oxid zu bestimmen.
Schließlich wurde ein explizites Lösemittelmodell im Rahmen der Kraftfeld-
rechnungen eingesetzt. Es konnte gezeigt werden, dass ein solches Modell wichtig
für eine genaue Beschreibung des Systems ist.
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Chapter 1

Introduction

Nanostructured surfaces

Being able to design and modify surface structures in a controlled way is of great
interest for many nanotechnological applications. These future applications are
in the field of molecular electronics and nanomechanical devices.[1,2,3,4] Other
fields for applications are sensors [5, 6] or catalysis [7, 8].

The formation of such useful nanostructures can be achieved in two different
ways, both of which start with an unstructured surface. The so-called top-down
method achieves a surface structuring by controlled removal of material from
the surface, e.g. by means of lithography.[9] This method has become a common
way of producing computer chips [10] and other devices.
Contrary to that, in a bottom-up approach smaller particles such as molecules
or atoms are assembled on the surface in order to form the surface pattern-
ing.[11] In order to form these patterned surfaces, the particles need to be able
to aggregate on the surface in an ordered manner, i. e. they need to be able to
self-organize.
Apart from purely bottom-up or top-down methods, mixed schemes have also
been used in order to fabricate nanostructures. One example for such a mixed
approach is the dip-pen nanolithography.[12, 13] Other approaches first use a
bottom-up method for the creation of a structured pattern. In the next step,
this pattern is then used as a mask for the lithographic process. One of this
bottom-up approaches is the self-organized deposition of colloidal particles.[14]
On the other hand, the surface can also first be patterned by lithography and
the pattern can then be used for the ordered growth of nanoparticles.[15]

Using organic molecules in a bottom-up approach has become of special interest,
as they are available in many different kinds and shapes and as their properties
can be tuned quite easily by chemical reactions. If the organic molecules are
capable of forming intermolecular bonds, the requirement of being able to self-
organize is also fulfilled rather easily. These bonds need to be strong enough
to hold the organic molecules in place, in order to form a stable structure. But
the interaction should not be too strong, or the system will not show enough
mobility to form the ordered surface structure in the first place. Both require-
ments are fulfilled for example in van der Waals, Coulomb or π−π interactions,

1



2 CHAPTER 1. INTRODUCTION

as well as in coordinative or hydrogen bonds.[16]
As ideal candidates to fulfill all of the above requirements, hydrogen-bonded
systems have found more and more applications. Usually, strong Y-H· · ·X hy-
drogen bonds are used for that purpose. One rather well-known example are
the O-H· · ·O bonds in carboxylic acids.[2, 17] But also N-H· · ·N bonds have
been studied in adenine.[18, 19] Mixed donor and acceptor components can be
found in O-H· · ·N functionalities in PVBA (4-[trans-2-(pyrid-4-yl)-vinyl] ben-
zoic acid), which contains both a pyridine and a carboxylic acid subunit,[20] as
well as in N-H· · ·O bonds in alkyl carbamates.[21] Different types of bonds can
occur at the same time. For example, in guanine networks,[22] or in mixed cya-
nuric acid/melamine systems [23] both N-H· · ·O and N-H· · ·N bonds stabilize
the surface structure.
It is also possible to create ordered surface structures from systems that show
less strong intermolecular interactions. In hydrogen bonds of the C-H· · ·X type,
the C-H group typically is a much weaker donor than in the heteroatomic Y-H
case. As an example, PTCDA (perylene-3,4,9,10-tetracarboxylic dianhydride)
forms surface patterns based on C-H· · ·O hydrogen bonds.[24]

In recent years, bis(terpyridine) (BTP) molecules have been studied in that con-
text.[25, 26, 16] The BTP molecules form weak intermolecular C-H· · ·N bonds
and they are attached to the surface via van der Waals interactions.[25, 26]
This dissertation will first address the question of how suitable standard force
fields are for the description of the adsorption of BTP molecules on graphite (see
chapter 4.2). The main properties that need to be described accurately concern
both the organic molecule and the different kinds of interaction in the system.
However, smaller molecular building blocks are used for these tests. The bond
lengths and angles of bipyridines are used as models for the structure of the
final BTP molecules. The adsorption energies of smaller aromatic molecules
and the hydrogen bonds in pyridine dimers are used in order to mimic the key
interactions in the BTP surface structure on graphite. Solvent densities and
the solvation energies of pyridine and benzene are benchmarks for a solvated
surface structure.
In the next step, the electronic properties of isolated BTP molecules will be
discussed in chapter 5. Synthetically inaccessible BTP isomers can be replaced
by structurally related phenyl-septipyridines (PhSpPy). In PhSpPy, only the
molecular backbone is changed from the original BTP structure, the outer parts
of the molecule that are more relevant for the structure formation remain unaf-
fected.
For the formation of surface structures, it is then important to understand in
detail how the organic molecules interact with the surface and with each other.
Thus chapter 6 addresses the surface-adsorbate interaction and the intermolec-
ular interactions as well as the influence of the surface on the adsorption of BTP
molecules. Using a buckled graphene layer instead of a flat graphite surface will
greatly influence the system and lead to different structures, thus revealing how
the balance between intermolecular and surface-adsorbate interaction influences
the ordered adsorption.
After these preliminary discussions, the formation and the stability of BTP sur-
face structures will be addressed in chapter 7. With a increasing number of
molecules available in the solvent phase, more and more densely-packed pseu-
domorphs become stable.
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Furthermore, it is possible to modify these structures in different ways. They
can be modified chemically by reaction with molecular oxygen (see chapter 8).
Here it is interesting to evaluate which stable oxide species can be formed under
reaction conditions.
In addition to that, the structures can be used for the formation of host-guest
structures as chapter 9 shows. The size of the guest molecule directly influences
its mobility within the host structure.
Finally, an explicit solvent model is used in order to achieve a more realistic de-
scription of the system in chapter 10. It can be shown that taking into account
the solvation has a drastic effect on the adsorption energies. This also gives rise
to a deeper understanding of the structure formation.
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Chapter 2

Theory

2.1 Bis(terpyridines) and their surface structures

2.1.1 Introduction

In recent years, there has been a growing interest in the formation of ordered
surface structures based on bis(terpyridine) molecules (BTPs).[16] This group
of molecules has proven to be of special interest in the field of nanostructured
surfaces for several reasons:

• BTP molecules will adsorb flatly on a planar surface.[26]

• Intramolecular hydrogen bonds ensure that one of several possible con-
formers is preferred, so that building blocks with a relatively fixed struc-
ture are available for further purposes. These building blocks prefer tran-
soid bipyridine subunits, thus ensuring a maximum number of hydrogen
bonds.[26]

• They will form weak intermolecular hydrogen bonds that are responsible
for the formation of ordered patterns on the surface.[26]

• Different isomers can be synthesized, so that the hydrogen bonding can
take place at different positions of the molecule.[25]

Figure 2.1: Illustration of the structures of 2,4’-BTP and 3,3’-BTP.

5
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In total, this leads to the formation of different stable surface patterns that can
easily be modified, so that the system shows a certain flexibility. It will be shown
in this dissertation - and has already been shown in experiments [16, 27, 28, 29]
- that these structured surfaces can then be used as templates for functional
substrates, thus opening a way to future applications.

A bis(terpyridine) molecule consists of 2 terpyridine units that are connected
to a pyrimidine-benzene backbone, as is shown in fig. 2.1. The positions of
the nitrogen atoms in the peripheral pyridine rings can be varied to some ex-
tent, thus enabling the formation of different isomers. The nomenclature of
different isomers follows the connectivity of the pyridyl groups: In 2,4’-BTP,
there is one peripheral 2-pyridyl and one 4-pyridyl group connected to pyridine
ring B (full name: 2-phenyl-4,6-bis(6-(pyridine-2-yl)-4-(pyridine-4-yl)-pyridine-
2-yl)pyrimidine). In 3,3’-BTP both peripheral pyridine rings are connected
to the rest of the molecule via carbon atom 3 (full name: 2-phenyl-4,6-bis(6-
(pyridin-3-yl)-4-(pyridin-3-yl)pyridin-2-yl)pyrimidine).

2.1.2 Synthesis

The structural variability of the molecules is directly connected to the synthe-
sis process depicted in Fig. 2.2.[25, 16] The key step towards BTP formation
is the Kröhnke ring-closure reaction [30] of a bis(pyridinium) salt with an ap-
propriately substituted α, β-unsaturated ketone moiety. The bispyridinium salt
can be obtained from a Stille coupling reaction, the ketone from a Knoevenagel
condensation.
By changing the isomer of the unsaturated ketone used for the ring-closure,
different positions for the peripheral nitrogen atoms can be obtained. A variety
of different BTPs is accessible experimentally by this approach. However, not
all of the isomers that are statistically possible are accessible in experiments.
Recently, changes in the backbone part of the BTP molecule provided a new
class of molecules with similar properties that can to some extent be used as
substitutes for the inaccessible BTP isomers as chapter 5 will show.[31]

2.1.3 Applications and modifications

With this zoo of isomers, different approaches have been followed in order to
functionalize and utilize them. BTPs are known to form highly ordered grid-like
complexes when reacted with metal cations.[26, 16, 32] These metal complexes
can form ordered surface structures on graphite. Even though the possibility to
easily include metal atoms into the system is of interest, the focus of this work
is the adsorption of BTP molecules on different surfaces and furthermore the
functionalization of the surface structures.

BTP adsorption

A number of different ordered BTP surface structures is formed, depending
on different factors, such as the BTP isomer, the surface that is used or the
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Figure 2.2: Standard BTP synthesis according to ref. [25, 16].

amount of molecules that is available for the surface structure formation.[16]
An illustration of the last point is the possibility to change the concentration
of BTP molecules in a solution that is brought in contact with the surface.
The evironment also plays a major role: Adsorption under vacuum conditions
does not necessarily produce the same results as adsorption at the solid|liquid
interface. Here, the nature of the solvent also should be taken into account, as
the following sections will show.

2,4’-BTP The adsorption of BTP isomers has been studied with different
surfaces both at the liquid|solid interface and under ultra-high vacuum (UHV)
conditions.
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2,4’-BTP forms a quasi-quadratic network with a periodicity of 30±2 Å on
highly-ordered pyrolytic graphite (HOPG). In these experiments, it is dissolved
in 1,2,4-trichlorobenzene (TCB).[26] Ref. [26] also suggests the model of flatly
adsorbed molecules stabilized by weak intra- and intermolecular hydrogen bonds
and of a transoid arrangement of the bipyridine building units.
Deposition from phenyloctane leads to a linear structure with rhombohedral
symmetry.[25] This chain-like arrangement has unit cell vectors of a = 17±2 Å
and b = 32±2 Å with an angle of 72±1◦.
Under UHV conditions, different surfaces have been used for the adsorption of
2,4’-BTP: HOPG, Ag(111) on Ru(0001) and Au(111).[33] On all substrates, pe-
riodic surface structures can be observed. The standard pattern to be found is
the quasi-quadratic network (QQN) with a lattice constant of 31.8±0.5 Å on Ag
and Au. On HOPG, a slightly larger unit cell of 31.9±0.3 Å is observed. Ref.
[33] also assumes an intermolecular interaction energy of 0.47 eV per molecule
in an optimum configuration.
Depending on the coverage, different structures can be observed on an Ag(111)
film on Ru(0001).[34] The QQN structure corresponds to a coverage of 0.4
molecules nm−2. A lower coverage of 0.37-0.4 molecules nm−2 results in a
parallel chain structure (PCS) consisting of rows of molecules. The periodicity
of this cell is 33.2±0.1 Å along the rows and 17.6±0.3 Å between the rows with
an angle of 68±1◦. When the coverage is below 0.2 molecules nm−2, single
mobile molecules form a 2D gas.
Ref. [34] also states that at a higher coverage of 0.44 molecules nm−2, a so-
called packed windmill structure (PWS) is observed. In that structure, four
BTP molecules form a building block that resembles the shape of a windmill.
This building block forms a network with a periodicity of 30±1 Å. The different
phases can coexist to a certain extent at intermediate coverages. Furthermore,
ref. [34] addresses thermal desorption experiments which result in an adsorp-
tion energy of approximately -3 eV per 2,4’-BTP molecule on HOPG. Further
thermal desorption experiments on HOPG have resulted in a desorption energy
of 266 kJ/mol (2.76 eV) for 2,4‘-BTP.[35]
On the Au and Ag metal surfaces, the 2,4’-BTP molecule prefers an align-
ment which maximizes the interactions between BTP nitrogen atoms and metal
centers, which means that the nitrogen will be situated on top of the metal
atoms.[36]

3,3’-BTP Adsorbed from TCB, 3,3’-BTP forms several different structures
on the HOPG surface, depending on the adsorption conditions. These struc-
tures will be discussed in more detail in chapter 7. In total, four different
structures could be found on HOPG. Deposition from a concentrated solution
forms a rectangular, densely packed (DP) network with lattice vectors of a =
27±2 Å and b = 16±2 Å. This phase coexists with another linear structure
(LIN1) with lattice parameters of a = 29±2 Å and b = 16±2 Å, as well as an
angle of 78±1◦.[25] Ref. [25] also mentions that no monolayer formation can be
observed when 1,3-dichlorobenzene or phenyloctane are used as solvent. It also
stresses the importance of the weak intermolecular hydrogen bonds.
Deposition from dilute solutions also gives rise to another linear surface struc-
ture LIN2 with parameters a = 17.7±0.4 Å and b = 31.5±0.5 Å and an angle
of 81±2◦.[37] This phase coexists with a hexagonal cell HEX with a = b =
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44.3±0.2 Å with an angle of 61±4◦.
Those different phases appear to be stable under different adsorption conditions,
with broad areas of coexistence.[37] Experimentally, it can be seen that higher
concentrations of BTP in the solvent result in more closely packed surface struc-
tures.
Deposition under UHV conditions leads to a different result: Only the hexag-
onal (HEX) and one of the linear structures, namely the DP phase, can be
observed.[37]

Further isomers 4,3’-BTP shows ordered adsorption at the TCB|HOPG in-
terface and also at the phenyloctane|HOPG interface.[25,28] The parameters of
the rhombic unit cell are a = 28±2 Å and b = 29±2 Å, the angle is 125±1◦.
2,3’-BTP does not form ordered monolayers upon deposition from TCB.[25]
Instead, 1,3-dichlorobenzene or phenyloctane have to be used. The resulting
surface structure in 1,3-dichlorobenzene shows a threefold symmetry with a =
29±2 Å, b = 26±2 Å and 118±1◦. In phenyloctane, a lamellar structure with
a linear arrangement of molecules is formed. It is based on a unit cell of a =
17±2 Å, b = 32±2 Å and 72±1◦

At the HOPG|TCB interface, 2,2’-BTP forms one single polymorph that is
known so far, a quasi-quadratic network similar to the 2,4’-BTP structure.[31]
The unit cell of the 2,2’-BTP network has parameters of a = 30±2 Å, b =
30±2 Å and 91±2◦.

Modifications of the system

The BTP surface patterns have been modified experimentally in different ways.
The cavities in the hexagonal 3,3’-BTP network have been used as a template
for the ordered adsorption of guest molecules. Such guest molecules are phthalo-
cyanines, which fit perfectly into the cavities. Metal phthalocyanines can even
be a way to introduce metal centers into the system,[28] in addition to the
above-mentioned direct complexation.[26, 16, 32] In ref. [28], it has also been
shown that the adsorption and desorption of phthalocyanine molecules can be
controlled by the STM tip without destroying the BTP template structure. Fur-
thermore, excess BTP molecules will also adsorb into the cavities.[37]
The 4,3’-BTP network at the surface shows two types of cavities, oval and cir-
cular ones. Judging from their size, both types of cavities would be suitable
for fullerene (C60) adsorption. Still, the circular voids are preferred for the in-
clusion of C60 fullerene molecules into the system, supposedly due to geometric
reasons.[28] This shows that a certain amount of selectivity is possible in the
adsorption of guest molecules and is an example how the lock-and-key principle
known from biochemistry can be translated to surface structures.
Under vacuum conditions, Cu atoms can be added to the QQN structure of
2,4’-BTP on HOPG.[32] This leads to a rearrangement of the QQN network to
a hexagonal pattern due to the formation of coordination compounds of Cu2

dimers and BTP molecules.
In addition, a completely different approach was followed with 2,4’-BTP under
UHV conditions. Here, the BTP molecules themselves were chemically modified
by addition of molecular oxygen.[27] On the catalytically active Ag(111) surface
(but not on HOPG or Au(111)), adding oxygen to the UHV chamber results in
a chemical modification of the BTP molecules adsorbed on the surface. This
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opens up further possibilities of fine-tuning the surface structure in order to ob-
tain properties desired for future applications. In ref. [27], this process was also
discussed as a model for the aging of devices based on organic self-assembled
monolayers under operating conditions.
Furthermore, the substrate also plays an important role. Replacing the flat
HOPG surface by a buckled graphene adlayer on Ru(0001) [38,39] gives insight
into the driving force for the structure formation: Under UHV conditions, the
substrate-adsorbate interaction is the determining factor for the structure for-
mation of BTP molecules. On the other hand, in PTCDA structure formation,
the intermolecular interactions govern the structure formation.
On a flat HOPG surface, the intermolecular hydrogen bonds direct the BTP
structure formation. The position of the peripheral nitrogen atoms is decisive
to the point that the inner part of the molecule can be varied without effect
on the structure formation.[31] Thus it is possible to replace synthetically inac-
cessible BTP isomers by phenyl-septipyridines in order to mimic the structure
formation based on that specific pattern of peripheral nitrogen atoms, as ref.
[31] shows. In cases where both BTP and PhSpPy isomers are accessible, the
PhSpPy forms only polymorphs that are already known from the BTPs. How-
ever, not all of the known BTP polymorphs have been observed with PhSpPys
yet.[31]
Finally, the system has been modified by insertion of additional phenyl groups in
between the peripheral pyridine groups and the molecular backbone.[40] Thus,
BTPP (phenylene extended bis(terpyridine)) variations on the 2,4’-, 3,3’- and
4,3’-BTP have been studied. The 2,4’-BTPP isomer forms a linear structure
with a packing similar to the PCS structure observed for the corresponding BTP.
In contrast, 3,3’-BTPP forms rows of dimers, which has not been observed for
the related BTP molecule. 4,3’-BTPP forms 2 different ordered surface struc-
tures with some similarities to the 3,3’-BTPP phase and one structure without
long-range ordering. Ref. [40] states that as the size of the molecules increases
in comparison to the BTP molecules, the substrate-adsorbate interaction be-
comes more dominant for the structure formation.

These experimental findings clearly show the high versatility of the BTP system.
A large number of surface structures is possible, and it is also possible to modify
them fairly easily. This gives rise to a great variety of structures and properties
that might be exploited in future applications.
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2.2 Force fields

Quantum mechanical methods take into account the behavior of the electrons
in a system, so a large number of particles need to be considered in the calcu-
lations even in the calculation of a moderately-sized molecule. In contrast to
that, force fields ignore the electronic motion. They describe the total energy
of a system as a function of only the nuclear coordinates, but do not explicitly
consider electrons. A quite similar approach is used in the Born-Oppenheimer
approximation for quantum chemical methods, where the atomic nuclei are sep-
arated from the electronic components of the Schrödinger equation (see also
section 2.3.1).
Under these circumstances, force fields can provide a simple and efficient method
of simulating the geometric properties of larger systems. The interaction terms
are calculated with the help of empirical parameters, which take into account
different elements, oxidation states and bonding situations. Thus the main
characteristics of every force field are both the mathematical description of the
interaction terms and the set of parameters.
Unfortunately, not taking the electrons explicitly into account is not only the
main advantage of force fields, but also their biggest drawback: Information
about electronic properties is not available. Chemical bonds, which are also
part of the electronic properties are treated in a static way that limits the ap-
plicability of force field methods. In standard force fields, the connectivities
of the atoms are fixed. They enter in form of different force field parameters.
Chemical reactions can only be considered in special reactive force fields such
as the ReaxFF,[41] which allow for connectivity changes.
The most basic force fields contain bonded terms for the interaction between
atoms linked by covalent chemical bonds, as well as non-bonded terms for the
electrostatic and van der Waals interaction, that depend only on the distance
between atoms. In addition to that, there can also be cross terms to describe
the coupling of different bonding terms as well as special terms for hydrogen
bonding. Summation of all bonding and non-bonding terms finally yields the
total energy of the system in a given geometry.
This also implies that force fields should only be seen as a complete unit.[42] It
is in principle possible to deconvolute a force field into its single terms and to
analyze them separately. However, in general this is not very instructive as the
different terms are adjusted during the force field construction process so that
the final results such as geometries or total energies agree well with experimental
data.

2.2.1 General form of the UFF force field

The Universal force field (UFF) [43] is based on rather general rules and para-
meters that can be applied to nearly all elements and larger systems with good
accuracy. It contains no diagonal terms and also no term for hydrogen bonding,
so the computational effort is rather low and large systems can be addressed
efficiently. The total energy Etot can be expressed as a sum of the following
contributions:

Etot = Er + Eθ + Eφ + Eω + Evdw + Eel. (2.1)
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As in many other force fields, the bond stretching term Er is described as a
simple harmonic oscillator (2.2), with a force constant kIJ and an equilibrium
distance rIJ that are derived from atomic data.

Er =
1
2
kIJ(r − rIJ)2 (2.2)

However, a Morse function as shown in equation 2.3 would yield a more accurate
description of the system. Its main characteristics are the breaking of bonds
and small forces at large distances.

Er = DIJ [e−α(r−rIJ )− 1]2 (2.3)

Yet this breaking of bonds is not desired in many standard force field applica-
tions as often the properties of a given non-reacting molecule are of interest.
Especially in the case of an approximate starting guess for a complex molecu-
lar system, bond-breaking would complicate geometry optimizations.[44] So in
many practical applications, the harmonic form is preferred.
A small cosine Fourier expansion (2.4) is used to describe the angle bend energy
Eθ.

Eθ = KJKL

m∑
n=0

Cncos(nθ) (2.4)

The harmonic form is not used in UFF, because the cosine expansion allows for
a more accurate description of motions with large amplitude. In addition to
that, in the most general non-linear case this simplifies to equation 2.5, where
the constants Ci can be derived from equilibrium angles.

Eθ = KJKL [C0 + C1 cos θ + C2 cos(2θ)] (2.5)

For certain defined geometries, this expression can further be simplified.
Another small cosine Fourier expansion is used for the mathematical description
of torsions as given in equation 2.6.

Eφ = KIJKL

m∑
n=0

Cn cos(nφIJKL) (2.6)

The parameters KIJKL and Cn depend on the rotational barrier, symmetry of
the system and equilibrium torsion angle. In standard cases, equation 2.6 can
be simplified to 2.7.

Eφ =
1
2
Vφ [1− cos(nφ0) cos(nφ)] (2.7)

Inversion of an atom connected to three other atoms is also described by a
Fourier expansion (2.8).

Eω = KIJKL(C0 + C1cos(ωIJKL) + C2cos(2ωIJKL)) (2.8)

As non-bonding interactions, van der Waals interaction and electrostatic interac-
tion are included in the Universal force field. For the van der Waals interaction,
Universal uses a simple Lennard-Jones 6-12 term:

Evdw = DIJ

[
−2(

xIJ
r

)6 + (
xIJ
r

)12
]

(2.9)
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In this equation, DIJ reflects the depth of the potential well and xIJ the van der
Waals distance between the Atoms I and J . Usually, non-bonding interactions
between atoms that are connected via a mutual bond or a common atom are
not included and a distance cutoff is introduced.
Electrostatic interactions (2.10) also need to be addressed as soon as partial
charges qI are assigned to the atoms.

Eel = A
qIqJ
r

(2.10)

These charges can be obtained from various charging methods, such as the
Gasteiger [45] or the QEq [46] schemes.

2.2.2 General form of the Dreiding force field

As far as the number and mathematical form of force field terms are concerned,
the Dreiding force field [44] as shown in equation 2.11 is very similar to UFF.
The main difference is that Dreiding includes an additional term for the explicit
description of hydrogen bonding. In other force fields, the effect of this kind of
interaction is taken into account in the terms for van der Waals and electrostatic
interaction. In Dreiding, an additional Lennard-Jones 12-10 term is used for the
hydrogen bonds.

Etot =
1
2

∑
ke(r − r0)2 +

1
2

∑
CIJK(cosθ − cosθ0)2

+
1
2

∑
VJK [1− cos (nJK(φ− φ0))] +

1
2

∑
Ci(cosχ− cosχ0)2

+
∑ A

r12
− B

r6
+
∑ qIqJ

r
+
∑

Dhb

[
5(
Rhb
RDA

)12 − 6(
Rhb
RDA

)10
]
cos4(θDHA)

(2.11)

More differences between UFF and Dreiding can be found in the mathematical
form of individual terms: Dreiding uses harmonic cosine terms for the angle
bend and inversion functions. Torsion parameters only depend on geometry,
not on atom types. Dreiding generally tries to limit the number of parameters
and constants, thus remaining relatively simple and offering rapid relaxations
of organic structures.
It was designed mainly for problems in organic and biochemistry, so the number
of parameters available is rather limited. Another drawback is that Dreiding
was mainly developed for and validated with gas-phase properties, so the appli-
cability to surfaces or other kinds of systems might be limited.

2.2.3 General form of the CVFF force field

In contrast to the previously described force fields, the consistent valence force
field (CVFF) [47] contains several so-called cross terms. These are terms that
describe how different kinds of bonding interactions (diagonal terms) will influ-
ence each other.
More specifically, CVFF addresses different combinations of two of the bonding
interactions. Mostly, two interaction of the same kind are combined, such as
bond stretch, angle bend and inversion terms. In addition to that, there are
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mixed combinations of angle bend and torsion as well as angle bend and bond
stretch terms.

Etot =
∑(

Db

[
1− e−α(b−b0)

]2
−Db

)
+

1
2

∑
H0(θ − θ0)2

+
1
2

∑
Hφ(1 + s cos(nφ)) +

1
2

∑
Hχχ

2

+
∑∑

Fbb′(b− b0)(b′ − b′0) +
∑∑

Fθθ′(θ − θ0)(θ′ − θ′0)

+
∑∑

Fbθ(b− b0)(θ − θ0) +
∑

Fφθθ′cosφ(θ − θ0)(θ′ − θ′0)

+
∑∑

Fχχ′χχ′ +
∑ A

r12
− B

r6
+
∑ qIqJ

r
(2.12)

In contrast to Dreiding, CVFF does not allow for explicit hydrogen bonds as
this kind of interaction evolves already from the non-bonding terms. But the
mathematical form of most diagonal terms also differs from UFF and Dreiding:
CVFF uses a computationally more expensive Morse potential for the bond
stretch term, a harmonic term for the angle bend, a simple quadratic function
for the inversion term.
It is interesting to note that CVFF was originally developed for the accurate de-
scription of proteins. This means that on the one hand, the number of elements
that is parametrized is rather low. On the other hand, in order to achieve higher
accuracy, a fine distinction of hybridization states and chemical environments
per element is needed. Whereas UFF only comprises 4 types of carbon, CVFF
and COMPASS have close to 30 types. Dreiding already distinguishes between
13 different types.

2.2.4 General form of the COMPASS force field

The COMPASS force field (Condensed-phase Optimized Molecular Potentials
for Atomistic Simulation Studies) [48] is an example for an ab initio force field,
which means that parameters are based on ab initio data and then optimized
with the help of experimental values. It aims both at gas-phase and condensed
phase applications for organic and inorganic systems.
COMPASS contains more cross terms than CVFF. There are not only the com-
binations of two bond stretching modes, two angle bends and one torsion with
two angle bends, but also combinations of torsion with both bond stretching
mode and angle stretching mode. However, the cross term based on two inver-
sions that is part of CVFF can not be found in Compass.
In addition, bonding terms are described more accurately: For bond stretch-
ing, angle bend and torsion terms, third or fourth order expansions are used,
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whereas most other force fields are restricted to simple second order terms.

Etot =
∑
b

[k2(b− b0)2 + k3(b− b0)3 + k4(b− b0)4]

+
∑
θ

[k2(θ − θ0)2 + k3(θ − θ0)3 + k4(θ − θ0)4]

+
∑
φ

[k1(1− cosφ) + k2(1− cos 2φ) + k3(1− cos 3φ)] +
∑
χ

k2χ
2

+
∑
b,b′

k(b− b0)(b′ − b′0) +
∑
b,θ

k(b− b0)(θ − θ0)

+
∑
b,φ

(b− b0)[k1 cosφ+ k2 cos 2φ+ k3 cos 3φ]

+
∑
φ,θ

(θ − θ0)[k1 cosφ+ k2 cos(2φ) + k3 cos(3φ)] +
∑
θ′,θ

k(θ′ − θ′0)(θ − θ0)

+
∑
θ,θ′,φ

k(θ − θ0)(θ′ − θ′0) cosφ+
∑
I,J

qIqJ
rIJ

+
∑
I,J

εIJ

[
2
(
r0IJ
rIJ

)9

− 3
(
r0IJ
rIJ

)6
]

(2.13)

Another special feature is that Compass favors a Lenard-Jones 9-6 term to the
standard 12-6 potential for the van der Waals interaction. This 9-6 approach
improves the description of the repulsive region of the potential, but it can be
too attractive at large distances.
In terms of parameters, Compass aims at reproducing condensed phase prop-
erties. Especially for the optimization and validation of non-bond parameters,
condensed-phase properties such as densities, vaporization energies and cell pa-
rameters were used.
In summary, Compass tries to combine high accuracy with wide applicability,
the drawback being noticeably higher computational costs.
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2.3 Electron structure theory

2.3.1 Introduction to quantum chemistry

Quantum chemistry is based on the Schrödinger equation (eqn. 2.14) that allows
for the calculation of the total energy Ei of an electronic system in a state that
is defined by its wave function Ψi:[49, 50]

ĤΨi = EiΨi (2.14)

The Hamilton operator Ĥ consists of several different interaction terms that
describe the system. For a system of M nuclei and N electrons, the following
contributions need to be considered:

Ĥ = TN + TM + VNM + VNN + VMM

= −1
2

N∑
i=1

∇2
i −

1
2

M∑
A=1

1
MA
∇2
A −

N∑
i=1

M∑
A=1

ZA
riA

+
N∑
i=1

N∑
j>i

1
rij

+
M∑
A=1

M∑
B>A

ZAZB
rAB

(2.15)

For the sake of clarity and better readability, atomic units are used here, i. e.
h̄ = e = me = 1. TN and TM denote the kinetic energies of electrons (TN )
and nuclei (TM ). VMN , VNN and VMM stand for the electrostatic interactions
between the nuclei and electrons, between different electrons and between nuclei,
respectively.
This equation can not be solved analytically, but it can be simplified using the
Born-Oppenheimer approximation. As the nuclei are much heavier than the
electrons, they will also move slower. Therefore, one assumes that electrons
will react instantaneously on the movement of the nuclei. The Schrödinger
equation for the electrons can then be solved under the assumption of fixed
nuclear coordinates. This separation of nuclear and electronic coordinates has
already been discussed in the section on force fields (see section 2.2), where the
nuclear motion was of interest. Electron structure methods on the other hand
focus on the electronic part of the system.
The corresponding modified Hamilton operator Ĥel then results in a form of the
Schrödinger equation that can be solved with computational methods:

Ĥel = TN + VNM + VNN = −1
2

N∑
i=1

∇2
i −

N∑
i=1

M∑
A=1

ZA
riA

+
N∑
i=1

N∑
j>i

1
rij

(2.16)

Apart from finding a mathematical form for the Hamiltonian, the second im-
portant factor to an accurate description of atoms and molecules is a suitable
wave function Ψi.
In the Hartree-Fock approximation, the true N-electron wave function Ψ0 of in-
terest is represented by N one-electron wave functions χi(~xi). In order to keep
the electrons indistinguishable and to obey their fermion quantum statistics,
the single one-electron functions are combined in an anti-symmetrized Slater
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determinant ΦSD in the following way:

Ψ0 ≈ ΦSD =
1√
N !

∣∣∣∣∣∣∣∣∣
χ1(~x1) χ2(~x1) ... χN (~x1)
χ1(~x2) χ2(~x2) ... χN (~x2)

...
...

...
χ1(~xN ) χ2(~xN ) ... χN (~xN )

∣∣∣∣∣∣∣∣∣ (2.17)

In combination with the Slater determinant as a wave function, the Schrödinger
equation for an N-particle system can now be solved. Variations in the single-
particle wave functions χi will result in different energy eigenvalues for the
system. According to the variational principle, the true wave function of the
system will yield the lowest energy, so the approximation with the Slater de-
terminant will give an upper limit for the true energy. With an improved wave
function the energy will get closer to the true minimum energy.
In the Hartree-Fock approximation, the Hartree-Fock energy EHF is the min-
imum energy that can be obtained from a Slater determinant. It comprises
several terms for the different kinds of interactions in the system.

EHF = 〈ΦSD|Ĥ|ΦSD〉 =
N∑
i

(i|ĥ|i) +
1
2

N∑
i

N∑
j

(ii|jj)− (ij|ji) (2.18)

Equation 2.18 shows that in the Hartree-Fock model, the one-electron contribu-
tions in the first term are modified by two further integrals. In equation 2.18,
the integral (ii | jj) is the Coulomb integral, (ij | ji) is called exchange integral.
The Coulomb integral (ii | jj) describes the electrostatic interaction of different
electrons with each other. The exchange integral (ij | ji) describes non-local
effects. It is a result of the antisymmetry of the wave function and only applies
to electrons with parallel spin.
As it is only a relatively crude approximation, the Hartree-Fock method does
not give the true energy of any system. The Hartree-Fock energy EHF is always
higher than the exact energy E0. The missing part is called correlation energy
EC :

EC = E0 − EHF (2.19)

The correlation comprises all aspects that are missing in the Hartree-Fock the-
ory. One ingredient is the interaction between electrons of antiparallel spin.

2.3.2 Methods used in quantum chemistry

The main shortcoming of the Hartree-Fock Method is its neglect of the electron
correlation. In order to compensate for that, different methods have been de-
veloped. They can basically be classified into single-reference or multi-reference
methods.
As only the single-reference methods are used in this dissertation, this section
will focus on them and not elaborate on the multi-reference methods. In the
single-reference approach, the Hartree-Fock solution for the Slater determinant
is used as a starting point. The correlation enters the description of the system
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in the form of excited states.
In the Møller-Plesset (MP) methods,[51] the excited states are taken into ac-
count in a perturbative approach. The difference between true Hamiltonian and
the Hartree-Fock Hamiltonian is treated as a perturbation. Using second order
perturbation theory is called the MP2 method. Higher orders of perturbation
theory are then called MP3 or MP4. Even though this method is relatively
simple, it yields significantly improved results compared to the Hartree-Fock
theory.
Configuration interaction (CI) also uses excited states.[52] This method is also
based on the Hartree-Fock wave function. But in contrast to the Møller-Plesset
approach, here the excited states directly enter the wave function.

ΨCISD = ΨHF +
∑
i

c1iΨ
1
i +

∑
i

c2iΨ
2
i (2.20)

In the Ψ1
i wave function, one orbital is replaced by a different one (single ex-

citation). In the Ψ2
i function, two orbitals are changed compared to the origi-

nal Slater determinant (double excitation). Equation 2.20 describes the CISD
method: Configuration interaction with single (S) and double (D) excitations.
The optimum wave function in this method is obtained by variation of the co-
efficients ci.
Unfortunately, the CI method is not size consistent. Whenever several frag-
ments are combined in the CI approach, higher excitations are generated just
by the combination of the fragments. This problem can be overcome by the cou-
pled cluster (CC) method.[53,54] Here, the excitations enter the wave function
in form of exponential functions so that the problem with size consistency does
not exist. In the CCSD approach, single and double excitations are used.[55,56]
In CCSDT, triple excitations are also included with the same method. However,
due to computational effort, the CCSD(T) method is more wide-spread.[57] It
includes the triple excitations perturbatively which makes this approach both
accurate and still feasible at least for smaller systems.

2.3.3 Basis sets

For an accurate description of a multi-electron system it is not sufficient to just
improve the method. The quality of the wave function also is a very important
factor.[58]
In standard quantum chemical methods, localized basis sets are used. Slater-
type orbitals describe the shape of the wave function very well, as they are
based on the analytical solutions obtained for the hydrogen atom. A Slater-
type orbital ψSTOnlml

(r, θ, φ) with quantum numbers n,l and ml has the form

ψSTOnlml
(r, θ, φ) = Nrn−1e−Zeffρ/neffYlml

(2.21)

where N is a normalization constant and Ylml
the spherical harmonic for the

quantum numbers l and ml. ρ is determined as r/a0. Instead of the true
quantum numbers and nuclear charges, effective values neff and Zeff are used.
However, one drawback of this kind of orbital is that in systems with several
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atoms the calculations quickly become very expensive. It is necessary to intro-
duce basis sets based on other functions that allow a more efficient treatment
of two-electron integrals of the type (ab|cd).
Mathematically, such higher efficiency can be achieved by using Gaussian-type
orbitals ψGTOi,k,j (x, y, z):

ψGTOikj (x, y, z) = xiyjzke−αr
2

(2.22)

This kind of function can be treated more efficiently from a technical point of
view. The main advantage is that with Gaussian-type orbitals, the two-electron
integrals in systems of several atoms will simplify to integrals over just two
centers that can be solved analytically, which is computationally more effective.
The cost for increased effectivity is that this type of orbital will not result in a
cusp at the position of the nucleus as would be expected.
In order to improve the accuracy of the Gaussian-type orbitals, several Gaussian
functions are combined in a linear combination in order to form contracted
Gaussian functions. An orbital is then formed by linear combination of several
of these contracted functions.
According to the number of basis functions per orbital, different kinds and
qualities of basis sets exist. For double zeta (DZ) basis sets, two basis functions
are used per state. For triple zeta (TZ) basis sets, there are three functions per
atomic orbital. Using more functions will improve the results, but at the same
time it will considerably increase the computational effort. Thus split-valence
basis sets can be very useful. They distinguish between valence and inner-shell
orbital and describe the valence orbitals more accurately by using more basis
functions. This reduces the computational effort but still permits an accurate
description of the valence shell that is of interest for chemical bonds.
Whenever distortions of the orbitals due to the formation of chemical bonds
need to be taken into account, additional polarization functions might become
necessary. These are functions for higher atomic orbitals. As an example,
the TZVP basis set [59] used in this dissertation is of triple zeta quality with
additional polarization functions.

2.3.4 Density functional theory

Introduction: Comparison to HF based methods

Density functional theory (DFT) provides an efficient way of calculating the
electronic properties of chemical systems.[49, 50] It is based on the Hohenberg-
Kohn theorem,[60] which states that the ground-state properties of a system
consisting of interacting electrons are uniquely determined by its ground-state
density (n(~r)). This means that in DFT, a system of N electrons is described
completely by the electron density, which is a function of 3 spatial coordinates.
On the other hand, in quantum chemical methods the properties in a given state
are described by the wave function, which depends on 3N degrees of freedom.
DFT is not only less demanding computationally, it also inherently includes
the effect of electron correlation. As we have seen, only the more sophisticated
and computationally expensive methods such as MP2 [51] or CI [52] can take
electron correlation into account in quantum chemical methods.
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Mathematical formulation of DFT

Most implementations of DFT are based on the Kohn-Sham formalism, in which
the total density in a many-electron system is expressed with single-particle
states (Kohn-Sham orbitals)

n(~r) =
N∑
i=1

|ψi(~r)|2 (2.23)

where N is the number of electrons in the system. This density can be used to
mathematically formulate the Kohn-Sham equations that describe the relation-
ship between the density and the total energy of the system.{

− h̄2

2m
∇2 + vext(~r) + vH(~r) + vxc(~r)

}
ψi(~r) = εiψi(~r) (2.24)

This expression contains contributions from the kinetic energy of the non-
interacting electron, an external potential (vext(~r)) and the classic electrostatic
interaction between the electrons (vH(~r)). vxc(~r) is the exchange-correlation po-
tential which includes all quantum-chemical many-body effects. The exchange-
correlation potential vxc(~r) is related to the exchange-correlation functional
Exc[n] by

vxc(~r) =
δExc[n]
δn

. (2.25)

Within this density functional theory approach, the ground state energy of the
N-electron system is

E =
N∑
i=1

εi + Exc[n]−
∫
vxc(~r)n(~r)d3~r − VH + Vnucl−nucl (2.26)

where Vnucl−nucl is the electrostatic interaction between the nuclei and εi the
single-particle energies as described by the Kohn-Sham equations 2.24. Cor-
responding to the Hartree energy, VH is the classical electrostatic interaction
between electrons. Finally, Exc[n] and vxc are the exchange correlation contri-
butions.
Unfortunately, the exact mathematical form of the exchange-correlation func-
tional is not known, so that the exact analytical solution for the Kohn-Sham
equation remains inaccessible. Still, there are different approximations to the
exact solutions. However, these approximations are usually based on (semi)-
empirical data, leading to somewhat biased results. Sometimes, the results can
depend on the exchange-correlation functional that is used, as the following sec-
tions will show.
Among the approximations for the unknown correct exchange-correlation ex-
pression, the local density approximation (LDA) is rather crude.[61] Its main
characteristic is that at every point in space with density n(~r), it uses the
exchange-correlation energy of the homogenous electron gas with the same den-
sity. For such a homogenous electron gas, the analytical expression for the
exchange-correlation energy is known. Even though this assumption ignores
non-local effects, it can be used in many situations, due to a cancellation of
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errors. However, the main disadvantage of LDA is that it tends to overbind.
The generalized gradient approximation (GGA) uses a more elaborate model.[62]
It not only depends on the electron density, but also on its gradient, thus includ-
ing local changes in the density. The PBE functional used in this dissertation
makes use of the generalized gradient approximation.[63] Using GGA improves
the accuracy of DFT calculations in many cases. In other situations, such as
the O2 binding energy, the GGA functionals still are not satisfactory. In this
example, the GGA functionals still show some overbinding, even though it is
not as severe as for LDA.[64]
Further improvements to the exchange-correlation functional can be made in
different ways: Relativistic effects for heavy elements can be included. This is
most often combined with the pseudopotential or effective core potential ap-
proach in which only the outer or valence electrons are explicitely taken into
account. The core electrons are treated with the above-mentioned potential.
meta-GGAs taking into account higher-order powers of the gradient can be
used.[65] The exact exchange can be taken into account to some extent.[66]
In this dissertation, hybrid functionals such as the B3LYP functional have been
used.[66,67] This method combines an exchange contribution from the Hartree-
Fock method with the DFT exchange-correlation. For the exchange correlation
part, B3LYP combines the LYP functional[68] for non-local correlation and the
VWN functional[69] for local correlation with the Hartree-Fock method and the
Becke functional[62] for exchange.

Dispersion correction in DFT

In the context of this dissertation, the most severe problem with standard DFT
methods is that they only poorly represent the London dispersion interactions.
These interactions are a key factor for the accurate description of van der Waals
bound systems, as they represent the long-range attractive part of the interac-
tion potential.[70]
This dispersion interaction is caused by fluctuations in the electron density of
one atom or molecule that induce the formation of a temporary dipole moment
in another atom or molecule (or even in a different part of the same molecule).
This dipole moment then induces a polarization of the first atom or molecule,
resulting in an attractive interaction between both bonding partners.
Standard DFT methods so far do not take that kind of interaction into account.
As we have seen in the previous section, they will only consider the local density
and maybe its gradient. The influence of an unconnected system at some dis-
tance that might have a temporary dipole moment is not considered in standard
exchange-correlation functionals. In order to take into account the effect of the
electronic fluctuations at some distance and without direct connection to the
electron of interest, a non-local treatment would be necessary.[49]
In principle, a local functional is not able to describe the non-local, long-range
dispersion interaction as it does not use the virtual excitations that would
mathematically describe the original charge fluctuations.
However, in recent years several different compensation schemes have been de-
veloped in order to correct for that shortcoming of standard DFT methods.[70]
Several different approaches have become particularly popular:

• Van der Waals DFT functionals: In these functionals,[71,72,73] a non-local
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correlation term ENLc is added to the standard exchange and correlation
contributions of the exchange-correlation energy.

Exc = Ex + Ec + ENLc (2.27)

This additional term ENLc is the missing dispersion energy. Usually, this
is not implemented self-consistently. That means that the non-local cor-
relation energy is added to the self-consistent result of the calculation.
Self-consistent implementations have been developed as well.[74]

• Semi-empirical corrections: These so-called DFT-D methods combine the
(semi)empirical dispersion energy with the DFT results.[75, 76, 77] The
dispersion correction (Edisp) is added to the standard DFT energy (EDFT )
according to

EDFT−D = EDFT + Edisp. (2.28)

The different variations of this approach usually make use of a pairwise
and additive interaction between different atoms. The correction term is
a sum over all atoms in the system

Edisp = −s6
∑
i

∑
j 6=i

Cij6
R6
ij

fdamp(Rij). (2.29)

Cij6 is the dispersion coefficient for an atom pair, Rij is the distance be-
tween both atoms. s6 is a scaling factor which is used in order to adjust the
dispersion correction to the chosen DFT functional. A damping function
fdamp is used in order to model the desired behavior at short or medium
distances.
Different DFT-D approaches differ in the way all of the contributions to
Edisp are treated. For example, different variations of the damping func-
tion are used. More noticeably, the dispersion coefficients can be derived
in different ways. Generally, the coefficients are based on the Casimir-
Polder formula [78] and contain the dipole polarizabilities α of the free
atoms:

Cij6 =
3
π

∫ ∞
0

αi(iω)αj(iω)dω. (2.30)

However, the implementation for molecules and the origin of the polariz-
ability can vary, as the following example will show: Compared to previous
schemes,[76] DFT-D3 [77] takes the effect of the hybridization of the atom
more strongly into account and uses less empirical and more first principle
data for the determination of dispersion coefficients.

In this dissertation, both the large system size and the assumed predominance
of van der Waals bonding made a completely different computational approach
seem valuable. Empirical force fields inherently include van der Waals interac-
tions and they are very efficient for large systems, albeit at the cost of being
completely based on empirical evidence.
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Computational details

For most calculations, standard settings have been used. For the Gaussian03
calculations,[79] either the DFT B3LYP [66,67] exchange-correlation functional
or the MP2 [51] method are used. As basis sets, either 6-311G [80] or the TZVP
[59] are used according to the desired accuracy of the calculations.
STM images are simulated based on the Tersoff-Hamann approach:[81] Differ-
ent molecular orbitals are summed and the resulting density is plotted. This
method has been used previously in ref. [82].
For periodic DFT calculations, the PAW-PBE [83, 84, 85] functional as imple-
mented in the Vienna ab initio simulation package (VASP) [86] is the standard
method presented here. Due to the size of the system, the calculations are re-
stricted to the Gamma point. The standard energy-cutoff in the framework of
this dissertation amounts to 400 eV. Convergence criteria are chosen according
to the program’s ”accurate” settings.
Force field calculations were carried out with the versions 4.1 and 5.0 of the
Materials Studio program package.[87, 88] The standard force fields UFF (uni-
versal force field),[43] CVFF (consistent valence force field),[47] Dreiding [44]
and Compass (Condensed-phase Optimized Molecular Potentials for Atomistic
Simulation Studies) [48] were compared at many points. For convergence crite-
ria, the program’s ”ultrafine” settings are used, which means a convergence of
better than 2 × 10−5 kcal mol−1 for the energies, and of better than 1 × 10−3

(kcal mol−1)Å−1 for the residual forces. For partial charges, both QEq [46]
and the Gasteiger [45] method are in use in the framework of this dissertation.
Where nothing else is specified, the Gasteiger method is used.
Graphite surfaces are represented with 3-layer graphite(0001) slabs with the po-
sitions of the atoms in the lower layers kept fixed. For relaxations of adsorbates
on the surface, both adsorbed molecule and topmost carbon layer were allowed
to relax. Adsorption energies were calculated with respect to relaxed gas-phase
conformers of BTP.
The explicit solvation model was described with standard force fields as well.
For the molecular dynamics simulations, a 5 layer graphite(0001) slab was used
as a model for the surface. The Materials Studio ”ultrafine” convergence criteria
were used for an initial relaxation of 1000 steps of the system with randomly
distributed solvent molecules. This pre-optimized system was then used for
the molecular dynamics simulations. The whole procedure follows ref. [89]. In
this reference, 3-4 solvation layers corresponding to 8-12 Å of solvent around

23



24 CHAPTER 3. COMPUTATIONAL DETAILS

the molecule are recommended for the simulation of biochemical systems. This
advice was followed in the direction perpendicular to the surface in surface sim-
ulations.
For the simulations, the NPT ensemble with a temperature of 298 K (Nosé
thermostat, Q ratio 1.0) [90] and a pressure of 0.0001 GPa (Berendsen baro-
stat, decay constant 0.1 ps) [91] was used. The free energy of the system is
the averaged energy along a trajectory of 150 to 200 ps, where the first 50 ps
were considered as equilibration time and were not used for the averaging. The
normal MD time step used was 1.0 fs.
Any changes to those standard procedures are specified wherever they occur.



Chapter 4

Method validation

As force fields are often developed for special purposes and systems, their ap-
plicability for the calculation of pyridine-based host-guest systems needs to be
addressed first. Several different criteria were used for the evaluation of the force
fields UFF,[43] CVFF,[47] Compass [48] and Dreiding [44] and compared both
to experimental data and results derived from quantum chemical calculations.
For a reasonable description of the system, the main geometric properties of
BTP should be reproduced correctly. Moreover, the different kinds of interac-
tion in the system also need to be accurate. Here, the bonding between two
BTP molecules and the bonding of BTP to the surface are of special interest.
Finally, for the calculation of solvent effects, condensed-phase properties like
the density of liquids and solvation energies should be addressed.

4.1 Bond lengths and dihedral angles

Most force fields have no problems in the description of standard bonding sit-
uations, as they were parametrized for an optimum performance in such cases.
But when it comes to more unusual und less well-defined situations, the results
differ greatly and the quality of different force fields can be compared. In the
case of bis(terpyridine) adsorption on graphite, the C-C single bond and the
dihedral angle between aromatic rings are most likely to cause problems.[82] In

Table 4.1: Average bond lengths and angles in 2,2’-bipyridine calculated with
force field methods and DFT (B3LYP/TZVP)(angles in degrees, lengths in Å).

2,2’-bipyridine
C-C (av.) C-N (av.) C-N-C N1-C6-C5 C2-C2′

Exp.[92] 1.389(2) 1.352(4) 116.2(7) 124.6(6) 1.496(3)
Compass 1.396 1.351 116.8 123.7 1.445
Dreiding 1.409 1.350 124.3 119.5 1.416
UFF 1.399 1.362 122.2 120.0 1.485
CVFF 1.404 1.347 123.2 120.9 1.418
B3LYP 1.392 1.336 118.4 123.5 1.489
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Figure 4.1: Structures of a) 2,2’-bipyridine and b) 4,4’-bipyridine.

order to focus solely on that most crucial part of the molecule, two different
bipyridines (fig. 4.1) were used as models for the force field and DFT calcula-
tions of relaxed structures and rotation barriers.
As expected, tables 4.1 and 4.3 confirm that force fields perform well for the

calculation of aromatic bond lengths and angles. In both 2,2’-bipyridine and
4,4’-bipyridine, C-C bonds are overestimated only by up to 0.02 Å. C-N bonds
differ from the experimental value in both directions, but by not more than 0.02
Å. For 2,2’-bipyridine, the deviation is even less than 0.01 Å. C-N-C angles tend
to be too large in calculations, whereas the angle N1-C6-C5 in 2,2’-bipyridine is
generally too small with all methods. But the differences are far less than 10◦,
so reliable angles can be expected.
It has to be noted that in general the agreement with the experiments is better
in the DFT calculation. In some cases, the experimentally determined number
can be reproduced exactly. However, the Compass force field differs only little
from the experiment, and especially in the case of 2,2’-bipyridine it performs
even better than the DFT calculations. If the inherent force field errors are also
taken into account (see table 4.2), it becomes quite obvious, that most of the
geometric parameters can be calculated correctly from force fields.

The more interesting and unusual bonding situation of the C-C single bond pro-
vides more insight into the classification of force fields: For the bond length, a
value between a regular single bond and an aromatic bond would be expected. In
2,2’-bipyridine the formation of intramolecular C-H· · ·N hydrogen bonds should
result in a preference of a flat N,N’-trans conformation.[92] In contrast to that,
in 4,4’-bipyridine steric repulsion of the hydrogen atoms should lead to a non-
planar structure of the molecule.
With B3LYP, the result for the bond lengths differs from the experimental data
only by about 0.01 Å. For the Universal force field, the deviation is only slightly
larger. With a difference to the experiment of approximately 0.08 Å for 2,2-
bipyridine and 0.05-0.06 Å for 4,4’-bipyridine, the Dreiding and CVFF results

Table 4.2: Inherent errors and rms deviations in force fields, taken from original
publications.

bond lengths angles torsions
Compass [48] rms deviation 0.9% 1.8%
Dreiding [44] rms deviation 0.035 Å 3.2◦ 8.9◦

UFF [43] error 0.1 Å 5-10◦
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Figure 4.2: Torsion potential energy curves of 2,2’- and 4,4’-bipyridine with
respect to minimum energy in eV. See also ref. [82].

are not very satisfying.
With deviations of 0.03 Å (4,4’-bipyridine) and 0.05 Å (2,2’-bipyridine), Com-
pass also does not perform very well. Given that the Compass original publi-
cation [48] already states that the functional form is not optimized for biarylic
compounds and other unusual bonding situations, these results are hardly sur-
prising.
The N,N’-trans arrangement in 2,2’-bipyridine can be confirmed with all force
fields apart from Compass. Compass favors a N,N’-cis conformation, which can
only be explained by inadequate force field parameters. The difference between
those two conformers amounts to 317 meV.
For 4,4’-bipyridine, all of the force fields yield the desired non-planar structures.
Again, DFT calculations agree best with the experiment, but the Universal force
field also comes close. Dreiding overestimates the torsion by more than 10◦,
whereas CVFF and Compass result in torsions that are 13 and 20◦ too small.
Closely related to the conformer problem is the rotational barrier that accom-

panies the dihedral angle. This barrier was examined by a stepwise rotation
followed by single point energy calculations at every single step.
In the case of 2,2’-bipyridine, the rotational barrier ranges from 296 meV with
Dreiding up to 1680 meV with Compass. The CVFF rotation barrier is 655 meV.

Table 4.3: Average bond lengths and angles in 4,4’-bipyridine calculated with
force field methods and DFT (B3LYP/TZVP)(angles in degrees, lengths in Å).
Note that the experimental values denoted with a originate from gas-phase
microwave spectra of pyridine.

4,4’-bipyridine
C-C (av.) C-N (av.) C-N-C C4-C4′ C3-C4-C4′ -C3′

Exp. 1.393[93]a 1.338[93]a 116.9[93]a 1.470 [94] 37.2 [94]
Compass 1.399 1.341 118.3 1.442 24.4
Dreiding 1.412 1.356 122.4 1.414 47.5
UFF 1.401 1.359 121.6 1.485 40.5
CVFF 1.414 1.326 121.0 1.417 16.9
B3LYP 1.393 1.334 116.9 1.481 38.8
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With 350 meV, UFF results are similar to Dreiding and to the DFT/B3LYP
result of 340 meV. These results are also consistent with earlier calculations,[95]
which resulted in an energy difference of 366 (MP2) and 332 meV (DFT/B3LYP)
between the N,N’-cis and N,N’-trans conformations.
Differences can also be found in the shape of the potential energy curves (see
fig. 4.2). UFF and Dreiding curves are again very similar, but clearly different
from the other force fields. As was already mentioned above, Compass is the
only force field that favors an N,N’-cis arrangement, whereas normally an N,N’-
trans conformer is preferred. The N,N’-cis structure (dihedral angle: 0◦) can
have completely different mathematical functionalities, depending on the force
field: It acts as a minimum in Compass and CVFF, but as a local maximum in
Dreiding, UFF and even in DFT. In these cases, the local minimum is shifted
to 30◦ with Dreiding, to 33◦ with UFF and to 40◦ with DFT, respectively.
For 4,4’-bipyridine, noticeable discrepancies occur mainly in height and position
of the absolute maximum. The difference between minimum and global maxi-
mum ranges from 170 meV (Compass) to 642 meV (Dreiding). It amounts to
524 and 519 meV with UFF and CVFF. The position of the absolute maximum
also varies: It can be found at 0◦ for UFF and Dreiding, but at 90◦ for the other
force fields and DFT. DFT yields a barrier of 81 meV, which is comparable to
earlier results of 87-95 meV.[96] The different locations of the absolute minimum
range from 17◦ with CVFF to 48◦ with Dreiding, details can be found in table
4.3.
In conclusion, this part has shown that an accurate description of oligopyridines
with force field methods is not as straightforward as could be expected. The
best results could be obtained with the Universal and Compass force fields.
Moreover, comparison with DFT results is not necessarily suitable, especially
when it comes to the rotation barriers: Even though DFT performs well in some
cases such as butadiene and styrene,[97] it is less accurate for other cases such
as n-butane.[98, 99] Comparison to experimental evidence would be preferable,
but reliable data is not always available.
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4.2 Adsorption energies on graphite

As force fields are usually developed for gas-phase or condensed-phase appli-
cations rather than for the description of the solid/gas-phase interface, their
transferability to surface systems has to be checked carefully. For that prop-
erty, adsorption energies of small aromatic molecules on graphite and graphene
can be used to determine the applicability of different force fields.
Table 4.4 shows that in general, adsorption energies increase with the size of
the adsorbed molecule as would be expected for a mainly van der Waals-bonded
system. This can be observed both for examples consisting of fused benzene
rings and for different methyl pyridines. In the pyridine case, it can also be seen
that adding more methyl groups only slightly influences the adsorption energies,
due to the relatively small size of the methyl groups.
Comparison to experimental results reveals that force fields tend to overesti-
mate adsorption energies. With CVFF, force fields results are in average 2.4
times higher than the experimental result. UFF and Dreiding perform in a very
similar fashion, the factor between force field and experiment is 1.6 for UFF
and 1.7 for Dreiding. The best agreement between calculation and experiment
can be obtained with Compass where the average factor amounts to 1.35.

Even though these results seem to be discouraging, it has to be stated that the
factors mentioned above might be used as scaling factors. Thus it is possible to
get rough estimates of real adsorption energies from force field results. Fig. 4.3
shows the correlation of experimental and force field data.
The linear regression results in correlation coefficients R2 ranging from 0.945
for Dreiding to 0.972 for CVFF. With an R2 of 0.968, UFF performs nearly
as well as CVFF, whereas Compass is slightly worse with R2 = 0.960. As the
number of samples is too small, this observation does not allow for significant
quantitative statements. Still, force fields might be useful for a more qualitative
estimation of adsorption energies that might be improved a little with the use
of scaling factors. And it also has to be noted that an overestimation of that
kind of adsorption energy is not uncommon in force fields. Previous MM3 cal-
culations of hydrocarbons on an aromatic C54H18 molecule have also come to

Table 4.4: Adsorption energies of aromatic molecules on graphite (meV), ex-
perimental and force field data.[82]

Exp. Compass UFF CVFF Dreiding
Benzene 500 [100] 531 711 990 614
Naphthalene 850 [100] 825 1117 1581 976
Coronene 1400 [100] 1875 2445 3579 2177
Ovalene 2100 [100] 2457 3192 4706 2855
Pyridine 433 [101] 584 681 984 580
2-Methyl-pyridine 377 [101] 641 807 1110 770
3-Methyl-pyridine 428 [101] 634 803 1109 770
2,6-Dimethyl-pyridine 488 [101] 738 930 1250 967
2,4,6-Trimethyl-pyridine 540 [101] 835 1040 1390 1067
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Figure 4.3: Comparison between experimental and force field data for adsorption
energies of species mentioned in table 4.4.

the conclusion that force field adsorption energies are higher than experimental
ones.[102]
Still, it has to be mentioned that the situation is more complicated than that.
Stacked parallel-displaced dimers of pyridine and benzene are the smallest possi-
ble models for the adsorption of aromatic molecules on graphite or graphene. As
expected, fig. 4.4 shows that the interaction is attractive, even though equilib-
rium distances and interaction energies vary strongly. Previous SCS-MP2/aug-
cc-pVTZ calculations [103] had resulted in a vertical equilibrium distance of
3.5 Å and an interaction energy of 140 meV for that structure. It could also
be shown that in combination with the aug-cc-pVTZ basis set, spin-component-
scaled second-order perturbation theory (SCS-MP2) is in good agreement with
estimated CCSD(T) potential energy curves.[103] In addition to that, other
MP2/6-31G(0.25)* calculations yielded a vertical distance of 3.52 Å with an
interaction energy of 121 meV.[104]
Force field results for the equilibrium distance vary between 3.47 Å with UFF
and Dreiding to an average of 4.00 Å with Compass. The CVFF distance
amounts to 3.72 Å. For the interaction energy, force fields range from 125 meV
(Compass) to 230 meV (CVFF). With 194 and 160 meV, UFF and Dreiding are
in between the extreme cases (see fig. 4.4).
There is no general trend to describe the agreement between force fields and
quantum mechanical methods: Compass reproduces nearly correctly the inter-
action energy, but fails for the distance. UFF and Dreiding yield good equi-
librium distances, but overestimate the interaction energy. The only tentative
general statement that could be made is that force fields rather tend to overes-
timate interaction energies and equilibrium distances.

Another problem is that while Compass provides reasonable energies, it has
trouble reproducing the geometries as well. Using Compass, the parallel-displaced
dimer will relax into a tilted configuration. The angle between pyridine and ben-
zene amounts to approximately 30◦, the distance ranges from 2.93 and 5.11 Å.
This behavior can not only be observed for pyridine/benzene dimers, but also
for other dimers of rather small aromatic molecules, such as benzene/benzene
(Fig. 4.6) or benzene/naphthalene dimers. Only when the size of one of the two
interacting particles increases, a more parallel arrangement can be observed in
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Figure 4.4: Interaction energy of a stacked pyridine/benzene dimer [kJ/mol].
Plot shows energy differences with respect to a distance of 15 Å.[82]

Figure 4.5: Relaxed force-field structures of stacked pyridine/benzene dimers.
a) Top view and b) side view of standard cases (UFF). c) Side view of the
Compass result.[82]

the relaxed structure. An example for this behavior is benzene on coronene or
graphite (Fig. 4.6).

This observation seems puzzling at a first glance, but it can be explained eas-
ily: Compass (short for Condensed-phase Optimized Molecular Potentials for
Atomistic Simulation Studies) was developed for an optimum performance for
condensed-phase systems. This prerequisite especially affects the non-bond pa-
rameters, which are also crucial for the description of the weak interactions
in stacked dimers. In the case of the benzene/benzene and benzene/pyridine
dimers, it can clearly be seen that the molecules assume an arrangement that
is similar to condensed benzene. Fig. 4.7 shows a structural model of solid
benzene for comparison. This effect can only be overcome when the molecule
that represents the surface becomes big enough.
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Figure 4.6: Relaxed Compass result of stacked dimers (inital structure parallel-
displaced): a) benzene/benzene b) coronene/benzene c) graphite/benzene.

Figure 4.7: Structure of solid benzene, atomic coordinates from [105].

4.3 Intermolecular interactions: Hydrogen bonds

Even though some standard force fields might contain terms and parameters for
an accurate description of standard O-H· · ·O or N-H· · ·N hydrogen bonds that
can be found in water, alcohols or amines, they are not prepared for weaker C-
H· · ·N hydrogen bonds that occur in pyridines. Whenever interactions of that
kind are not treated explicitly, the non-bonding terms should be parametrized
in a way to compensate for that. The non-bonding parameters of a force field
are usually determined in the last step of force field development and they are
chosen for maximum agreement with reference data such as experimental re-
sults.
Still one first needs to find out whether the intermolecular interactions can be
described accurately in a certain force field, as they all are developed for different
systems and applications. In our case, highly accurate quantum chemical mod-
eling of the full system is rather difficult due to the size of the bis(terpyridines),
so pyridine dimers are chosen as suitable and efficient model systems.
For that kind of dimer, the results vary strongly with the force field. In terms

of equilibrium distances, UFF, CVFF and Dreiding yield rather similar results
of 2.87 to 2.97 Å. With 2.62 Å, Compass clearly differs from that. Dimer forma-
tion energies Ebond can simply be estimated from the total relaxed dimer energy
Edimer and the energy of a pyridine monomer Emono:

Ebond = Edimer − 2 · Emono (4.1)

These interaction energies show a much broader scattering, they range from -56
meV (Dreiding) to -112 meV (Compass) per dimer, which corresponds to -28 to
-56 meV per molecule or hydrogen bond. As knowing about the scattering of
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Figure 4.8: Interaction energy and equilibrium distance (red line in dimer struc-
ture) in relaxed pyridine dimers with est. CCSD(T)/CBS result from [103].

results does not help in the determination of ”good” force fields, a further step
is needed.
For comparison, DFT, MP2 and higher method calculations have been used
due to a lack of highly accurate experimental data. Gaussian calculations with
the B3LYP und PBEPBE DFT methods have been carried out with the TZVP
basis set and counterpoise correction (CP). In addition to these DFT results,
an MP2 calculation with the same TZVP basis set has been carried out, as well
as a DFT calculation using the PAW-PBE functional as implemented in VASP.
Extrapolated results for the CCSD(T) method and a complete basis set (CBS)
have been taken from reference [103].

Table 4.5: Equilibrium distance deq [Å] and interaction energy (per dimer)
Edimer [meV] for weakly hydrogen-bonded pyridine/pyridine dimers. Force field
results and different Gaussian03 DFT results (CP: with counterpoise correction).
For comparison also VASP DFT and Gaussian03 MP2 result.

Method deq Edimer
UFF 2.865 -70.423
CVFF 2.932 -98.783
Dreiding 2.970 -55.983
Compass 2.616 -111.92
Gaussian03, B3LYP/ TZVP, CP 2.58 -89.635
Gaussian03, PBEPBE/TZVP, CP 2.53 -121.30
VASP, PAW-PBE 2.49 -110.87
Gaussian03, MP2/ TZVP, CP 2.55 -142.88
est. CCSD(T), CBS [103] 2.5 -154.38
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The quantum chemical methods also show a certain scattering, but more in
interaction energies than in equilibrium distances: The distances vary between
2.49 and 2.58 Å, the energies range from -90 to -154 meV. But it can be stated
that the PBE results are quite similar for both Gaussian and VASP implemen-
tation and that the other methods clearly differ from those. B3LYP results in
noticeably weaker bonding. MP2 which sometimes tends to overestimate bond
strengths yields higher interaction energies and the CCSD(T) results are even
higher than that.
In comparison to quantum chemical methods, force fields tend to underestimate
the strength of the hydrogen bonds, the bonds are much longer and weaker.
COMPASS is the only force field that is close to the quantum chemical results.
Especially the agreement with PBE is remarkably close. CVFF is also close to
the higher methods in terms of interaction energies but not in bond lengths.
However, Dreiding and UFF do not seem to work well for either criterion.
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Figure 4.9: Comparison of average force field molecular dynamics densities. Wa-
ter and 1,2,4-trichlorobenzene (TCB) at 298 K. Experimental values for water
from ref. [106] and for TCB from ref. [107]. Data first published in [108].

4.4 Condensed phase properties: Liquid densi-
ties and solvation energies

When solvent effects are to be studied in force field molecular dynamics simula-
tions, it is important to determine whether the liquid solvent can be described
accurately enough with the desired force fields. This can be verified by a simple
comparison of the simulated liquid densities to experimental values.
For the simulations, both water and the experimental solvent 1,2,4-trichloro-
benzene (TCB) [25] were addressed. The solvent boxes contained 395-400 water
molecules or 106 to 143 TCB molecules, respectively.
The average densities obtained from force field molecular dynamics simulations

(see table 4.6) range from 0.07 to 1.01 g/cm3 for water and from 1.37 to 1.48
g/cm3 for the experimentally used TCB.
For water, the lowest density of 0.07 g/cm3 is obtained with the UFF/Gasteiger
method. Dreiding/QEq yields the highest density of 1.01 g/cm3. The broad
range of values indicates that a proper description of liquid water is not easy.
At 25 ◦C, a density of 0.997 g/cm3 would be expected for water.[106] While 97
to 101% of that value can be retrieved with the Compass, Dreiding (with QEq
charging) and CVFF force fields (with decreasing deviation), the other force
fields are not appropriate for the description of liquid water. The deviation
from experiment is particularly high with the UFF force field.
With Compass, additional calculations have been carried out in order to reveal
whether the system is converged or not. A variation of the number of water
molecules in the unit cell shows that the density depends only little on the ac-
tual system size for a broad range of values. Cells containing 30 or more water
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molecules always result in a density of 0.96 g/cm3. Decreasing the system size
increases the average density to a small extent. But even with only 3 molecules
representing the liquid phase, a density of 1.04 g/cm3 is obtained.
Another interesting property that might be more sensitive to small changes in
the system than the average density is the cohesive energy (Ecohesive), the dif-
ference between the average energy of an isolated water molecule (Eisolated) and
a molecule in an n-particle solvent box representing liquid water (with Eliquid
the total average energy of all molecules in the box):

Ecohesive =
1
n
Eliquid − Eisolated (4.2)

However, the calculations show that this property also does not depend strongly
on the system size. For system sizes of 10 to 700 molecules, the cohesive energy
varies between -365 and -369 meV. For smaller systems, the changes in the co-
hesive energy become more pronounced: With 5 molecules in the solvent box, it
already decreases to -404 meV and it further decreases with decreasing system
size. Thus it is possible to conclude that with the above-mentioned 395-400 wa-
ter molecules in the system, the properties of liquid water should be reproduced
reasonably well.
The runtime of the trajectory could also influence the outcome. In order to
get a better understanding of that factor, the total runtime was analyzed in
different ways: the initial part of the trajectory can be seen as an equilibration
phase and should thus not be included in the collection of results. Different
lengths of 20 to 100 ps were attributed to that phase. The remaining 130-50 ps
of the 150 ps trajectory can then be used for the averaging in order to obtain
results. The analysis shows that the varying lengths of equilibration time and
runtime hardly influence the average potential energy per molecule. The differ-
ence only amounts to several meV. For comparison, the standard deviation of
the potential energy in a trajectory is less than 10 meV per molecule in a cell
containing more than 10 molecules. All of these results suggest that the system
is sufficiently converged.
For 1,2,4-TCB, the density at the given conditions should be 1.448 g/cm3.[107]
With densities of 94-102% of the experimental value, all force fields yield ade-
quate results. The best agreement could be obtained for Dreiding (QEq Charg-
ing) with a density of 1.37 g/cm3 and UFF/QEq with 1.48 g/cm3. For all force
fields, the difference between calculation and experiment is less than 6%.

It might seem surprising that the description of water so obviously lacks in
accuracy whereas with the more complicated molecule TCB no such problems
occur. But the water results can easily be explained by the vast differences in
the description of intermolecular interactions in different force fields, as can be
seen in table 4.7 and fig. 4.10. Water dimers that are relaxed with different
force fields can be compared to results obtained with higher quantum chemical
methods which should yield more accurate results. In fact, the quantum chem-
ical methods all have very similar results. The interaction energy ranges from
-85 to -102 meV, the equilibrium distance from 1.98 to 2.05 Å.
It can easily be seen that force fields show a broad variation of equilibrium
hydrogen bond distances and interaction energies. Only Dreiding gets close
to the higher methods in terms of interaction energies. UFF/QEq and Drei-
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Figure 4.10: Water dimer: Equilibrium distance (red dotted line) and formation
energy of a hydrogen bond in water, force field and quantum chemical results.
Structure corresponds to CCSD(T)/TZVP result. Data first published in [108].

ding/Gasteiger yield reasonable equilibrium distances. The other force fields
have problems with either one or both of the properties.
It is interesting to note that even though the Dreiding/Gasteiger results (2.00
Å and -82 meV) are similar to the quantum chemical methods, the density
obtained from that method is still noticeably low (see tables 4.7 and 4.6). Com-
pared to the quantum chemical methods, Dreiding/QEq, Compass and CVFF
seem to overestimate the bonding strength with 105 to 139 meV. Still, their
densities agree very well with the experimental result. UFF then confirms this
observation: With less than 40 meV, the interaction between water molecules
is especially weak, resulting in very low densities.

These results show that some of the standard force fields used in this disser-
tation tend towards an inaccurate description of the hydrogen bonds in water.
This leads to problems with the density of liquid water and will most probably

Table 4.6: Liquid-phase densities [g/cm3] obtained from molecular dynamics
simulations.

Force field Charging method Water 1,2,4-TCB
UFF Gasteiger 0.071 1.384
UFF QEq 0.661 1.480
Dreiding Gasteiger 0.763 1.366
Dreiding QEq 1.005 1.463
Compass 0.963 1.477
CVFF 0.992 1.387
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cause further problems in the description of solvated systems. For TCB, hy-
drogen bonding seems to be less important so that the densities are generally
reproduced more accurately.
In addition to that, the interaction between solvent and solute should be de-
scribed as accurately as the intermolecular interaction within the solvent phase
by a suitable force field. Solvation enthalpies of benzene and pyridine in water
were carefully checked and compared to experiment. Pyridine and benzene were
chosen due to their similarity to the final BTP molecule and for their small size,
thus increasing the efficiency of the testing process. For the calculation of the
enthalpies, MD simulations were carried out according to the procedure men-
tioned in chapter 3. Please note that the use of such a rather simple method
instead of a more sophisticated procedure will be justified in more detail in
chapter 10.
As rather long trajectories of over 100 ps are calculated, the time average over
the energy that is analyzed in principle corresponds to the free energy of the
system. Three kinds of cells are evaluated: Solvent only (Efreesolvent), solute only
(Efreesolute) and solvent plus solute (Efreesolvent+solute). In order to keep analysis sim-
ple, the number of water molecules is the same both in the solvent only and in
the solvent plus solute cells.
After an initial equilibration phase, average force field energies are determined.
The free energy of solvation Efreesolv thus can be calculated as:

Efreesolv = Efreesolvent+solute − E
free
solvent − E

free
solute (4.3)

The results again show a broad variation with the different force fields. Some
values are relatively close to the experimental values of -517 meV and -329 meV
for pyridine and benzene in water, respectively.[109] CVFF overestimates the
benzene solvation energy by 16 %, thus being relatively close to the experimen-
tal value. For pyridine, Dreiding/QEq is well suited, it recovers 88 % of the
solvation energy (see fig. 4.11).

Table 4.7: Water dimers: O-H-distance dO−H (highlighted in fig.4.10 ) and
formation energy EB per molecule.

dO−H [Å] EB [meV]
UFF, Gasteiger 2.832 -24.657
UFF, QEq 2.062 -37.273
Dreiding, Gasteiger 2.000 -82.079
Dreiding, QEq 1.607 -105.310
Compass 1.766 -133.568
CVFF 1.787 -138.723
B3LYP/TZVP 1.989 -105.519
B3LYP/aug-cc-pvqz 1.985 -85.225
PBE/TZVP 1.972 -112.306
PBE/aug-cc-pvqz 1.963 -91.933
MP2/TZVP 2.048 -96.530
MP2/aug-cc-pvqz 1.983 -93.691
CCSD(T)/TZVP 2.047 -101.547
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Figure 4.11: Pyridine and benzene free energy of solvation in water. Force field
molecular dynamics results. Experimental values from ref. [109]. Data first
published in [108].

Qualitatively, UFF/Gasteiger performs well, it assigns a higher gain in solvation
energy to pyridine than to benzene. This agrees well with the experimental data,
even though the method underestimates the numbers and is thus not suited for
quantitatively accurate calculations.
QEq charging leads to a significant overestimation of benzene solvation ener-

gies, which proves that this charging method should be analyzed very carefully in
further calculations. Dreiding with Gasteiger charging, which performed reason-
ably well for solvent densities, now fails completely. It yields positive solvation
energies where negative values would be expected. More problems occur with
UFF/QEq and all Dreiding calculations, where the benzene solvation energy is
overestimated by a factor of 3 to 4. Finally, CVFF and Compass yield pyridine
solvation energies that are 2 to 3 times too small.
In summary, it could be seen that both Dreiding/QEq and Compass can cor-

rectly predict liquid densities from molecular dynamics simulations. But already
the water dimers show that the QEq method can not describe the intermolec-

Table 4.8: Solvation enthalpies in water [meV], average after an equilibration
time of 20 ps.

Benzene Pyridine
UFF, QEq -1663 -1027
UFF, Gasteiger -179.8 -286.9
Dreiding, QEq -1300 -547.6
Dreiding, Gasteiger 1268 1866
CVFF -256.8 -140.9
Compass -198.9 -238.7
Experiment [109] -329.2 -517.4
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ular interaction in water dimers properly. In addition to that, QEq charging is
not able to predict the solvation energies of benzene and pyridine in water and
deviates stronger from the experimental value than Compass. Thus Compass or
even CVFF ultimately seem to be more reliable for the graphite/BTP/solvent
system whose realistic description is the final goal.
More generally, it will be hard to obtain quantitatively accurate results for hy-
drated systems from force field calculations, due to problems in the description
of intermolecular interactions. This leads to inaccurate solvation energies in
water. On the other hand, a qualitative analysis based on force field results
should be possible as they seemingly can predict the most basic trends of the
system correctly.



Chapter 5

BTP molecules and their
substitutes

The basic geometric features of BTPs and their simulated STM images have
already been presented in previous work.[110, 82] The study of bipyridines as
model systems for terpyridines has shown that both DFT and standard force
fields perform reasonably well in the description of (hetero)aromatic bond lengths
and angles. The main problem is the description of the C-C bond connecting
different aromatic moieties and the torsion angle between them. This rather
unusual bonding situation in the biarylic C-C single bond is best described with
density functional theory. If force fields are used, UFF (Gasteiger charging) is
best suited, followed by the Compass force field.
Yet one important point has been neglected so far: Not all theoretically possi-
ble BTP isomers are accessible in chemical synthesis. Experiments have shown
that the missing BTP isomers can be replaced by structurally similar phenyl-
septipyridines (PhSpPy).[31]
The PhSpPy molecules differ from BTP only in the backbone of the molecule.

Where BTP molecules have a pyrimidine subunit, a pyridine ring is used in
the PhSpPys. Due to the weak intramolecular C-H· · ·N bonds, this changes
the orientation of the neighboring terpyridine subunits (rings A to C). Thus,
more variations in the positions of nitrogen atoms in the outer pyridine rings
are accessible. In detail, five PhSpPy isomers (2,4’-, 2,3’-, 2,2’-, 3,3’- and 4,3’-

Figure 5.1: Structures of 3,3’-BTP and 3,3’-PhSpPy.
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Figure 5.2: Electronic properties of 2,2’-BTP: a) Electrostatic potential mapped
onto an electron density isosurface, b) HOMO, c) LUMO, d) STM image sim-
ulated from the highest 3 occupied orbitals, e) STM image simulated from the
lowest 2 unoccupied orbitals.

Figure 5.3: Electronic properties of 2,2’-PhSpPy: a) Electrostatic potential
mapped onto an electron density isosurface, b) HOMO, c) LUMO, d) STM
image simulated from the highest 3 occupied orbitals, e) STM image simulated
from the lowest 2 unoccupied orbitals.

PhSpPy) have been synthesized so far.[31]
For the 3,3’ and 2,2’ variations, both BTP and PhSpPy are known experimen-
tally. From these pairs, the validity of the assumption of interchangeability can
be examined. The 2,4’-, 2,3’- and 4,3’-PhSpPys can then be used to mimic the
behavior of the synthetically inaccessible 4,2’-, 3,2’- and 3,4’-BTPs, respectively.
Thus only the properties of 4,4’-BTP will remain unknown for the moment.

5.1 Electronic properties

2,2’-BTP and 2,2’-PhSpPy

Fig. 5.2 and fig. 5.3 show some properties of 2,2’-BTP and 2,2’-PhSpPy that
are related to their electronic structure. The electrostatic potential plots of both
molecules are very similar. The outer nitrogen atoms show an accumulation of
negative charge. The position and amount of charge accumulation is comparable
in both cases. All of the inner nitrogen atoms show smaller negative charges.
As the inner nitrogen atom position varies from BTP to PhSpPy, the charge
distribution in this part of the molecule is not completely the same in both cases.
However, for the formation of ordered surface structures such subtle differences
will probably be of less importance as the main contributions for the structure
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formation are expected to arise from the outer nitrogen atoms.
There is a considerable difference in the HOMO and LUMO of the molecules.
Only for 2,2’-BTP the HOMO also extends to the benzene ring. In contrast
to some of the unsymmetrical variations, the 2,2’-molecules only have 2-pyridyl
groups as rings A and C. The difference between those groups is the way they
are connected to ring B. In 2,2’-BTP, ring A is connected to the 2-position of
ring B and the HOMO also extends to that part. Ring C is bound to carbon 4 in
ring B and is not part of the HOMO. For 2,2’-PhSpPy that situation is reversed:
The HOMO is extended also to ring A which is connected to carbon 2 of ring B.
Note that ring A describes different locations in the BTP and PhSpPy molecules
due to the intramolecular hydrogen bonds even though their connectivity is the
same in both variations.
These differences also reflect on the simulated STM images. As explained in
chapter 3, the simulations are based on the Tersoff-Hamann model. That means
that the tunneling current is independent of the nature of the tip. It only
depends on the tip position and the local density of states of the surface close to
the Fermi energy. Practically, several molecular orbitals spanning a small energy
range of about 200-300 meV close to the HOMO or the LUMO are summed.
The resulting density is plotted and results in images as shown in fig. 5.2.
The fact that several molecular orbitals are overlaid has the following effect:
Most of the differences between individual orbitals are cancelled out. Still, ring
C seems to be less bright than the rest of the molecule. This might be an artifact
of the choice of orbitals, but it might also be the main difference between the
molecules.
Apart from that, the arrangement of nodal planes in ring B and the relative
brightness of some of the lobes in the inner part of the molecules exhibit the
main differences between both species. However, these are only minor effects
and can probably not be resolved under experimental conditions.
The LUMO is mainly situated on the inner part of the molecules, the benzene
ring is unaffected. There is a reversal compared to the HOMO. Now, the rings
C have a more noticeable contribution to the LUMO, whereas rings A are of
more importance in the HOMO.
In their simulated STM images for unoccupied orbitals, both molecules are very
similar. There are some small discrepancies concerning nodal planes and relative
brightness, but they will most probably not be relevant under experimental
conditions.

3,3’-BTP and 3,3’-PhSpPy

Many of the observations made for the 2,2’ species can also be applied to the
3,3’ case. The electrostatic potential in figures 5.4 and 5.5 also shows a distinct
accumulation of negative charge on the outer pyridine atoms. Compared to the
2,2’ varieties, the inner nitrogen atoms show a less strong negative charging.
Where the 2,2’ species showed a small but discernible negative charge in the
center of the molecule, the 3,3’ species remain nearly neutral.
The observations made for the frontier orbitals of the 2,2’ varieties can also be
transferred to the 3,3’ case. These orbitals are mainly focused on the inner part
of the molecule, which is the central pyridine (PhSpPy) or pyrimidine (BTP)
group and ring B. The 3,3’-BTP HOMO presents the only case of an orbital
that extends to the benzene ring. As seen before, the HOMO extends to ring
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Figure 5.4: Electronic properties of 3,3’-PhSpPy: a) Electrostatic potential
mapped onto an electron density isosurface, b) HOMO, c) LUMO, d) STM
image simulated from the highest 5 occupied orbitals, e) STM image simulated
from the lowest 3 unoccupied orbitals. Images first published in [31].

Figure 5.5: Electronic properties of 3,3’-BTP: a) Electrostatic potential mapped
onto an electron density isosurface, b) HOMO, c) LUMO, d) STM image sim-
ulated from the highest 5 occupied orbitals, e) STM image simulated from the
lowest 3 unoccupied orbitals. Images first published in [31].

A in both cases, but more strongly in 3,3’-PhSpPy than in 3,3’-BTP. Ring C
contributes to the LUMO in both cases, again more strongly in the PhSpPy
than in the BTP case. In the 3,3’-PhSpPy, there is also a weak contribution of
ring A to the LUMO.
These small differences also affect the simulated STM images. There are small
differences in the images that are based on the occupied orbitals. In both
molecules, ring A appears noticeably brighter than ring C. Apart from that,
the only difference is the position of the nodal plane in ring B. The differences
in brightness might just be an artifact of the summation method. Using more
occupied orbitals might probably overcome this effect, but whether such a model
is still realistic remains unclear. But even if this difference is an existing property
of the system, visualizing it in STM images might be difficult, as the resolution
of such experiments has been rather limited so far.
In the simulated images of unoccupied orbitals, the differences are more subtle.
The distribution and brightness of lobes in the central pyridine or pyrimidine
ring and in ring B shows slight changes. But these will most probably not be
discernible in experimental studies as the differences are too small.

2,3’-PhSpPy and 4,3’-PhSpPy

For the 2,3’- and 4,3’-PhSpPy molecules, no equivalent BTP species are acces-
sible in experiments. As the general similarity of BTP and PhSpPy has already
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Figure 5.6: Electronic properties of 2,3’-PhSpPy: a) Electrostatic potential
mapped onto an electron density isosurface, b) HOMO, c) LUMO, d) STM
image simulated from the highest 3 occupied orbitals, e) STM image simulated
from the lowest 3 unoccupied orbitals.

Figure 5.7: Electronic properties of 4,3’-PhSpPy: a) Electrostatic potential
mapped onto an electron density isosurface, b) HOMO, c) LUMO, d) STM
image simulated from the highest 2 occupied orbitals, e) STM image simulated
from the lowest 3 unoccupied orbitals.

been proven for the 2,2’ and 3,3’ cases, this section will focus on the existing
PhSpPy isomers, whereas the non-existing BTP molecules will not be discussed
here.
The electronic properties visualized in fig. 5.6 and fig. 5.7 reveal distinct similar-
ities to the 2,2’ and 3,3’ species. The electrostatic potential maps show negative
charging of the outer nitrogen atoms, as known from the other PhSpPy and
BTP variations. 2,3’-PhSpPy is special in that regard, as the nitrogen atom in
ring A is less strongly charged than in ring C. In 4,3’-PhSpPy, the charges seem
to be relatively similar in both rings. A rather small accumulation of negative
charge can be observed in the inner nitrogen atoms of both isomers, comparable
to the 3,3’ species.
HOMO and LUMO look very similar in both isomers: The HOMO is located
on the central pyridine ring and on rings A and B, where ring A has only small
contributions. The phenyl group and ring C do not contribute to the HOMO.
The only difference between the isomers is the size and shape of the orbital lobe
that includes the nitrogen atom in ring A.
The LUMO also spreads over the central pyridine ring and ring B. Here, ring
C contributes strongly to the orbital, while ring A only plays a small role. The
phenyl ring is again unaffected. In the LUMO, the 2,3’ isomer can hardly be
distinguished from the 4,3’-PhSpPy without further analysis. The HOMO and
LUMO orbitals also show strong similarities to the 2,2’ and 3,3’ isomers.
These similarities can also be observed when the range of orbitals is extended
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and STM images are simulated. The images based on occupied orbitals differ
only in the shape of some of the lobes in rings A and B for all of the isomers
that have been studied so far. In the chosen energy range, it is characteristic for
PhSpPy molecules that ring C appears not as bright as the rest of the molecule.
The simulated STM images based on unoccupied orbitals show even smaller
differences. A visual analysis is not sufficient in order to distinguish between
different isomers in that case.
It could be seen in this section that all of the studied molecules show similari-
ties in their electronic properties. Not only are the different PhSpPy molecules
hardly distinguishable, but they are also closely related to their corresponding
BTP isomers. The main distinguishing characteristic for each isomer is the
position of the negative charge on the outer pyridine rings. This supports the
assumption that PhSpPys might be used to replace the synthetically inaccessible
BTP isomers.

5.2 Force field adsorption energies

As chapters 4.2 and 6.1 show, force field results need to be analyzed carefully.
The absolute numbers are of little use, as force fields tend to overestimate the
adsorption energies. But within one force field, the energy values for different
molecules can be compared. Thus at least a qualitative impression can be ob-
tained.
The adsorption energies of 3,3’-BTP and 3,3’-PhSpPy differ by only 30 to 250

meV, depending on the force field (see table 5.1). This corresponds to a discrep-
ancy of less than 7% for all force fields. The same percentage is obtained for
the 2,2’-BTP and 2,2’-PhSpPy pair. Here, the energy difference amounts to 10
to 250 meV. The highest energy differences are obtained for the Dreiding force
field. It is interesting to note that in all cases the BTP adsorption energies are
slightly higher than the PhSpPy values.
With Compass, which has proven to be very reliable (see 4.2 and 6.1), the differ-
ence is only 3 % for the 3,3’ case and less than 1% for the 2,2’ molecules. Thus
it can be concluded that the interaction between surface and organic molecule
is very similar for both BTP and PhSpPy molecule. Replacing BTPs with their
PhSpPy counterparts should be possible without noticeable effect in that as-
pect.
Furthermore, all PhSpPy isomers have very similar adsorption energies. The

Table 5.1: Force field adsorption energies on graphite [eV].

UFF CVFF Compass Dreiding
3,3’-BTP -4.563 -7.3071 -4.103 -3.802
2,2’-BTP -4.847 -7.359 -4.012 -4.068
3,3’-PhSpPy -4.420 -7.277 -3.975 -3.556
2,2’-PhSpPy -4.733 -7.324 -4.002 -3.816
2,3’-PhSpPy -4.486 -7.264 -3.964 -3.456
2,4’-PhSpPy -4.457 -7.287 -3.962 -3.564
4,3’-PhSpPy -4.423 -7.276 -3.980 -3.664
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difference between maximum and minimum adsorption energy ranges from 40
meV with Compass to 360 meV with Dreiding. This corresponds to a dis-
crepancy of 10 % with Dreiding, of 7% with UFF and of about 1% with both
Compass and CVFF.
The different force fields do not agree in which isomer adsorbs most weakly on
graphite. With Compass, this is 2,4’-PhSpPy. However, it is 3,3’-PhSpPy with
UFF. Dreiding and CVFF both assign the weakest interaction to 2,3’-PhSpPy.
Remarkably, all force fields agree that the strongest graphite-molecule interac-
tion can be found for 2,2’-PhSpPy.
The force field results in table 5.1 suggest that it is not only possible to replace
BTP with PhSpPy but also to exchange different PhSpPy species with only
subtle changes in the adsorption energies. This finding is hardly surprising, as
the different molecular species vary only in details while the main structural
features remain unchanged.
In conclusion it can be stated that BTP and PhSpPy molecules are very similar,
both in electronic properties and in their adsorption energy on graphite. Thus
observations made for PhSpPys can most probably be transferred to BTPs.
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Chapter 6

Interactions

As was already mentioned above, two main kinds of interactions direct the
formation of ordered surface structures. On the one hand, van der Waals inter-
action with the surface enforces a more or less flat adsorption of BTP molecules
on the substrate. On the other hand, a network of weak intermolecular C-
H· · ·N hydrogen bonds is responsible for the ordered arrangement of the flat
molecules on the surface. Both kinds of interaction will be discussed in detail
in this chapter. Finally, it can be shown how the interplay between intermolec-
ular interactions in the adsorbate layer and adsorbate-substrate interactions is
responsible for the ordered arrangement of adsorbed molecules on the surface.

6.1 Substrate-adsorbate interaction

For a reliable description of the interaction of BTP with the surface, accurate
adsorption energies and adsorption geometries are needed. The importance of
that point has also been discussed in ref. [111]. As shown in chapter 4.2, force
fields can be used only cautiously for the calculation of adsorption energies of
aromatic molecules on carbon surfaces. But still, they seem to be useful to gain
qualitative insight into the system even though careful comparison to experi-
mental results and different methods is necessary.

In order to obtain force field results for the target system, the geometry of
a BTP molecule on a three-layer graphite slab was relaxed according to the
procedure explained in chapter 3. As expected from the results of the vali-
dation step, fig. 6.1 shows that force field results indeed vary strongly. For
3,3’-BTP, adsorption energies range between -3.941 (Dreiding) and -7.312 eV
(CVFF). The corresponding experimental desorption energy at low surface cov-
erages only amounts to 2.54 eV, the value was derived from thermal desorption
experiments.[111] This again underlines that it is hard to make quantitative
statements about the aromatic/graphite system based on force field calcula-
tions.
As both isomers are structurally very similar, comparable results are expected
and found for 2,4’-BTP. Force field adsorption energies between -3.805 (Dreid-
ing) and -7.379 eV (CVFF) and an experimental desorption energy of 2.76 eV[35]
agree very well with the results obtained for the 3,3’-BTP isomer. This finding
stresses that force fields can indeed be used for a more qualitative description

49
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Figure 6.1: Adsorption energy of 2,4’-BTP and 3,3’-BTP on graphite, calculated
with force fields and dispersion-corrected DFT (grey bars). Results for DFT-D
relaxations are shown with blue and green lines. Yellow line corresponds to DFT
result without dispersion correction. Red line symbolizes 3,3’-BTP experimental
desorption energy for comparison. Data first published in [111].

of the system.
For both isomers, all force fields overestimate the adsorption energy by more
than 1 eV. In the extreme case of CVFF, the discrepancy even amounts to 4.6
and 4.8 eV. In contrast to that, the difference between the two isomers is rather
small. Apart from Dreiding, force fields attribute a slightly stronger adsorption
to the 2,4’-BTP isomer, which fits well with the experimental result. Still, the
difference is higher in experiment (about 200 meV) than in the calculations.
With force fields, a difference of only 70 to 100 meV is found. Dreiding even

Table 6.1: BTP on graphite adsorption energy [eV]. FF: calculated with different
force fields. DFT-D: single-point DFT-D2 energy of geometries obtained from
force fields. In addition to that, results of relaxations with DFT-D2 and DFT-
D3 and without any dispersion correction, respectively, with initial geometries
based on the Compass results.

3,3’-BTP 2,4’-BTP
FF DFT-D FF DFT-D

UFF -4.560 -2.803 -4.636 -2.884
CVFF -7.312 -2.469 -7.379 -2.524
Compass -4.027 -2.969 -4.133 -3.074
Dreiding -3.941 -2.614 -3.805 -2.695
DFT-D2, relaxed -3.005
DFT-D3, relaxed -2.853 -2.837
DFT, relaxed -0.131
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Figure 6.2: Structure of 3,3’-BTP on graphene after DFT-D3 relaxation, top
and side view. Red box denotes the unit cell of the system.

gives opposite results, it claims that the adsorption of 3,3’-BTP is favored by
about 140 meV. In conclusion, it must be stated that even though there are
differences between both isomers, they are only small. For practical purposes,
it should be sufficient to assume that very similar structures of the isomers will
lead to very similar adsorption energies.
Another property that needs to be taken into account is the structure of the

adsorbate-substrate complex (see fig 6.2 for an example). At a first glance, dif-
ferences seem to be small: The molecule seems to adsorb flatly on the graphite
surface. But a closer look reveals that there are differences between the force
fields in two main points. The average distance between BTP atoms and the
topmost layer of the graphite surface varies slightly with the force field. It
is smallest with Compass, where 3.37 and 3.36 Å are obtained for 3,3’-BTP
and 2,4’-BTP, respectively. With 3.44 and 3.45 Å for UFF as well as 3.54 and
3.55 Å for Dreiding, distances increase slowly. CVFF yields the highest average
distances of 3.56 Å for 3,3’-BTP and 3.57 Å for 2,4’-BTP. Comparison to the
adsorption energies shows that the average distance is not directly related to
the difference in adsorption energies between different force fields.
Remarkably, the force fields also do not agree in the question of the most fa-
vorable conformation of the BTP molecule. Compass and CVFF favor nearly
planar molecules, both in the gas phase and on the surface. On graphite, all
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torsions are below 3◦. Dreiding and UFF prefer higher torsion angles, especially
in the peripheral pyridine rings. In 2,4’-BTP, the 4-pyridyl ring is rotated out
of the molecular plane by about 24◦ for UFF and nearly 30◦ for Dreiding. The
2-pyridyl group is less distorted, maximum angles are 3◦ for UFF and 4◦ for
Dreiding. Similar observations can be made for the corresponding groups of the
3,3’-BTP.
The discrepancies in force field adsorption energies might be explained by two
different factors. First, different force fields can yield different geometries of the
relaxed molecule on the surface. Different structures will then result in different
energies. Second, the reason can be found in how the force fields are built and
parametrized and in what applications they have been optimized for.
In order to get more insight into that problem, a second set of calculations
was carried out. A completely different access to the substrate-adsorbate inter-
action is provided by dispersion-corrected DFT.[70, 76, 77] Here, two different
approaches were followed. For a better understanding of the force field results,
their relaxed geometries were used for single-point energy calculations with the
dispersion-corrected DFT-D2 method.[76] Additionally, the BTP geometries ob-
tained from the Compass force field were relaxed on a fixed carbon surface both
with standard DFT and with dispersion-corrected DFT. Here, two different
correction schemes, DFT-D2 and DFT-D3 [77] were compared. As DFT cal-
culations of large systems are computationally highly demanding, the 3-layer
graphite slab could not be used here. Instead, the BTP molecule was relaxed
on a fixed graphene layer. The contributions of the interaction of the new BTP
conformer with the second and third carbon layer were calculated separately.
Finally, all contributions were added up to yield the total adsorption energy on
graphite.
The validity of this approach was shown with single-point energy calculations
of benzene on graphite. Here, the layer-by-layer summation approach could
be compared to the adsorption energy obtained on a 3-layer slab. With the
layer-by-layer approach, the added adsorption energy amounts to -0.462 eV.
The most significant contribution of -0.437 eV is caused by the topmost carbon
layer. From the second layer, additional -26.2 meV can be gained. With 1.14
meV, the influence of the lowest layer is practically negligible. Practically, a
2-layer graphene slab would probably be sufficient. Still, the third layer was
kept for better comparison with the force field results where it helps stabilizing
the system and preventing distortions of the graphite surface. For comparison
with the summation approach, the energy of a benzene molecule on a 3-layer
graphite slab was calculated as well. The adsorption energy of -0.459 eV differs
by only 3.7 meV from the layer-by-layer method. Thus it is safe to conclude that
using this approach will not introduce significant artificial errors per aromatic
ring to the adsorption energies.
Looking at the single-point DFT-D2 energies for the now-fixed force field geome-
tries clearly proves that geometries alone are not sufficient as an explanation
for the variation in force field energies. The range of adsorption energy val-
ues is much smaller than it is for force fields. The lowest adsorption energy
is obtained for the CVFF geometry (-2.469 eV for 3,3’-BTP and -2.524 eV for
2,4’-BTP), the highest with -2.969 (3,3’-BTP) and -3.074 eV (2,4’-BTP) for the
Compass geometry. Where the different force fields span a range of more than
3 eV, the same geometries only show a variation of 0.5-0.6 eV with DFT-D2.
Dispersion-corrected DFT also shows the expected correlation between BTP-
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graphite distance and adsorption energy: With an increasing distance, the ad-
sorption energy decreases.
The geometry derived from Compass was then used for a relaxation of the BTP
molecule on the fixed carbon surface. With DFT-D2, the average distance be-
tween BTP atoms and the surface amounts to 3.35 Å, which is still similar to the
Compass values. The adsorption energy of -3.005 eV is also similar to the value
obtained with the Compass geometry, even though a small change is effected by
the relaxation process. And, as fig. 6.2 shows, again a nearly planar geometry
of the adsorbed BTP molecule is favored. Now the pyridine rings are rotated
out of the molecular plane by less than 1◦.
The newer set of DFT-D3 parameters [77] effects more noticeable changes upon
relaxation. The distance between substrate and adsorbate is increased to 3.44 Å,
which corresponds to a change by 3%. Accordingly, the adsorption energy de-
creases with increasing distance. The DFT-D3 adsorption energy is only -2.852
eV, while the planar geometry is conserved.
The deconvolution of the adsorption energies in table 6.2 shows that the differ-
ence between DFT-D2 and DFT-D3 adsorption energies of 0.152 eV is mainly
caused by different interactions with the first carbon layer. The second and
third layers only play a minor role. This is due to the fact that their distance
to the BTP molecule is quite high so that they do not contribute much to the
total adsorption energy.
An additional DFT-D3 relaxation of the 2,4’-BTP isomer based again on the
Compass force field result only supports the previous findings. The DFT-D3
adsorption energy for 2,4’-BTP on graphite amounts to -2.837 eV. The result
is very close to the above-mentioned experimental desorption value of 2.76 eV,
stressing that good results can be obtained with dispersion correction. Indeed,
the calculated value deviates from the experimental one by less than 3%. The
agreement between experiment and DFT-D3 is even better for 2,4’-BTP than
for 3,3’-BTP. The second point of interest is the comparison between both iso-
mers. With a DFT-D3 relaxation, the energy difference between 3,3’-BTP and
2,4’-BTP drops to about 20 meV. The energy difference is notably smaller than
the experimental difference of about 200 meV. But all results - from calculations
or experiments - support the assumption that different BTP isomers will have
very similar adsorption energies as their small structural variations have only
very little effect on the adsorption.
The results in this section show that using dispersion-corrected DFT does sig-
nificantly improve the agreement with experimental energies compared to mere
force field calculations. In order to stress the importance of dispersion correction
even more, a relaxation with standard DFT without any correction was carried

Table 6.2: Comparison of DFT, DFT-D2 and DFT-D3 adsorption energies [eV]:
Interaction of 3,3’-BTP with every single carbon layer and total adsorption
energy.

DFT DFT-D2 DFT-D3
Layer 1 -0.123 -2.789 -2.641
Layer 2 -0.005 -0.201 -0.206
Layer 3 -0.003 -0.007 -0.006
Total -0.131 -3.005 -2.853
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out. This relaxation results in a weakly bound molecule with an adsorption en-
ergy of -0.131 eV. The average substrate-adsorbate distance amounts to 4.38 Å,
which is about 1 Å more than in the dispersion corrected relaxations. Such a
weakly bound molecule is also less influenced geometrically by the planar sur-
face: The dihedral angles between rings A and B amount to 18◦ and 26◦. The
torsion between rings A and C even rises to 34◦ and 36◦. This is close to the
values of 27-28◦ (rings A and B) and 41◦ (rings A and C) found for gas-phase
molecules.[82] From that, one can conclude that dispersion correction does not
only improve the adsorption energy, but it also greatly influences the adsorption
geometry.
Apart from providing adsorption energies and geometries, this section has sev-
eral conclusions on a more technical level: If DFT is to be used for the descrip-
tion of the BTP/graphite surface, dispersion correction is absolutely mandatory.
It yields flat molecules and adsorption energies close to experimental values.
Force fields provide an alternative only in terms of a qualitative description
of the system. Both adsorption energy and geometry strongly depend on the
parametrization of the force field. If it is computationally possible, DFT-D
should be preferred, as it agrees better with experiments.

6.2 Influence of surface corrugation

6.2.1 Adsorption on a graphite surface

The calculation of reliable adsorption energies is closely related to the question
of surface corrugation and diffusion barriers, as adsorption energies on different
sites can vary and mobility on the surface can play an important role in the
structure formation process. In order to find the best adsorption site and diffu-
sion barriers, force field calculations were carried out. Even though the absolute
values obtained for adsorption energies are less reliable, force fields can be used
for a qualitative analysis of the problem (see section 6.1).
In these calculations, the center of mass of 2,4’-BTP was moved over a graphite
unit cell in a stepwise fashion and the total energy of the system was calculated
at every point. In addition to that, the BTP molecule was rotated by 360◦ at
different points. Thus it can be ensured that a maximum number of possible
arrangements of the BTP molecule on the graphite surface is observed so that
meaningful results can be gained.
As the Compass force field seemed to be most reliable for the BTP/graphite
system, its results will be emphasized in the following section. With Compass,
the scanning process without rotation resulted in a potential energy surface as
depicted in fig. 6.3. Even though the corrugation of the surface is clearly visi-
ble, the energetic difference between maximum and minimum energy adsorption
sites is less than 10 meV.
However, for a proper description of barriers on the surface, one important

factor is still missing: Possible rotations of the BTP molecule on the surface
also have to be taken into account. They play an important role in determining
whether a molecule can move from a random adsorption site to the energetic
minimum under given conditions. As an example, fig. 6.4 shows rotational
energy curves where the rotation of the molecule is shown at the positions of
maximum and minimum energy that have been found for the translational move-



6.2. INFLUENCE OF SURFACE CORRUGATION 55

Figure 6.3: Relative energy [meV] of the BTP/graphite system with respect
to the energetic minimum. BTP molecule on different adsorption sites on the
surface, translational movement only.

ment. Obviously, sites with higher energies than the previous maximum can be
found, as well as a new minimum. Thus it can be concluded that so far, the
treatment of the system is not sufficiently thorough.
In an effort to obtain a more complete description of the system, both transla-
tion and rotation were combined in the last step: The BTP molecule moves over
the surface in a less densely spaced grid with step sizes of 0.6 Å in x direction
and 0.4 Å in y direction. With Compass, the rectangular graphite cell amounts
to 2.419 × 4.190 Å. At each point, the molecule was rotated by 360◦ with a
step size of 1◦. From these calculations, new energetic minima and maxima are
obtained, as depicted in fig. 6.5. The maximum diffusion barrier in the system
thus increases slightly to 49.5 meV.
Still, the barrier in the system remains rather low so that the movement of the
BTP molecule on the surface should not be hindered by surface corrugation or
barriers related to it. In fact, at room temperature, an adsorbed BTP molecule
should be able to move freely over the surface, thus enabling the formation of
ordered surface structures. This observation can also be repeated with the other
force fields, albeit with slightly higher maximum barriers. But in every case,
the barrier is less than 100 meV so that it could be overcome easily.

Table 6.3: Maximum energy difference in the BTP/graphite system for the
combined translation and rotation calculations.

maximum barrier [meV]
Compass 49.45
UFF 87.51
CVFF 90.11
Dreiding 70.47
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Figure 6.4: Rotation of a BTP molecule on graphite at position with a) maxi-
mum and b) minimum energy: Relative energy change in meV with respect to
the minimum of the curve.

Figure 6.5: Structure of 2,4’-BTP on graphite, positions corresponding to a)
maximum and b) minimum energies.

How can this finding be explained? The BTP molecule is bound to the surface
mainly by van der Waals interactions. These are known to be not directional.
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Figure 6.6: Experimental STM images for a) 2,4’-BTP (individual molecules
highlighted in green and red), b) 3,3’-BTP (red and green circles for filled and
unfilled cavities, respectively) and c) PTCDA on the graphene/ruthenium moiré
surface. White triangles denote the moiré pattern, insets show higher resolution
images. Images first published in ref. [38] and [39].

This means that especially for such a large molecule, the distance between layers
is more important than the exact positioning of BTP relative to the surface.
A second reason can be found in fig. 6.5. At the minimum site, the atoms of
the BTP molecule try to arrange in the way a further carbon layer would be
positioned on the graphite surface. At the energetic maximum, this is much
less the case. Most BTP atoms are positioned on top of graphite carbon atoms.
This observation could again be made for all the force fields investigated: At
the energetic minimum, BTP imitates another carbon layer, at the maximum
it is positioned on top of the graphite carbon atoms.
But the C-N bonds and the C-C single bonds in the BTP molecule lead to a small
distortion compared to the graphite bond lengths, so that a perfect arrangement
is not possible. At every adsorption site, some atoms will be placed perfectly,
whereas others will be found at more unfavorable positions. This then leads to
a rather small difference between maximum and minimum energies.

6.2.2 Adsorption on a graphene adlayer on Ru(0001)

It could be seen in the previous section that the corrugation of the surface on
a small length scale hardly affects the adsorption of BTP on graphite. Thus
intermolecular interactions will probably determine the structure formation on
the surface. But what will happen if surface corrugation takes place on a larger
length scale, comparable to the size of the molecule? This effect will be discussed
in the following section.

Methods

A graphene layer on ruthenium is known to form a corrugated moiré pattern
with a unit cell of about 30 Å.[112,113] This makes it a perfect candidate for in-
teraction with BTP molecules which have a diameter of about 20 Å.[110] Indeed,
experimentally it could be observed that 2,4’-BTP shows a strong preference of
certain adsorption sites on the moiré pattern, whereas for PTCDA, no such
strong effect could be observed.[38,39] In the following section, calculations will
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Figure 6.7: Optimized structure of 2,4’-BTP on the graphene moiré surface.
Adsorption sites 1) hill and 2) valley with a) UFF and b) Compass.[38]

be presented that can help to rationalize and explain the experimental observa-
tions.
The theoretical approach to this problem proved to be difficult, as most force
fields can not describe metal surfaces accurately. Furthermore the system is
quite large, thus complicating DFT calculations. As a solution for that prob-
lem, a combined method was developed in order to model that system: The
interaction of the organic molecule with a fixed graphene surface was calculated
with force fields. Two different DFT-optimized buckled graphene/ruthenium
surfaces from the Bocquet group [114] with 3 Ru layers were used in the calcu-
lations. This surface was forced to remain unchanged in the optimization of the
adsorbed organic molecule. For the van der Waals interaction with the metal
surface, contributions of every single layer were determined with the Grimme
dispersion correction method for DFT which approximates the attractive part
of van der Waals interaction.[77] This approach seems to be reasonable, as the
distances between adsorbate and ruthenium atoms are high enough, so that the
long-range attractive part of the van der Waals interaction should dominate and
the repulsive part should be negligible.
Based on that model, different adsorption sites on different unit cells of the
graphene moiré pattern could be compared. The graphene layer on the ruthe-
nium surface is slightly buckled, thus offering one hill and one valley-type site as
extremes for the adsorption of organic molecules. As the hill site corresponds to
an energetic maximum, structures at that position couldn’t be converged to very
high precisions. Only rough optimizations could be carried out because other-
wise the BTP molecule would end up in energetically more favorable valley-type
positions.

2,4’-BTP

The smaller of the two tested unit cells consists of a 12x12 graphene cell on
top of a 11x11 ruthenium surface, with a lattice constant of 29.664 Å.[115,113]
This cell is denoted as 12C11Ru in the following section. The average distance
between 2,4’-BTP and the first Ru layer amounts to 5.7-5.9 Å in the valley site
and 6.6-6.9 Å on the hill sites, depending on the force field. The difference in
the distance for the two extreme configurations also translates to a difference
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in adsorption energies. It can be seen that molecules which are closer to the
Ruthenium surface also adsorb stronger. While the hill site adsorption energy
ranges from -2.76 to -6.18 eV, values from -3.42 to -7.16 eV can be obtained for
the valley-type position. The difference between both adsorption sites amounts
to 0.62 - 0.98 eV, depending on the force field. So even though the absolute
adsorption energy strongly depends on the force field, the energy differences are
rather similar.
Comparison of the different super cells shows only small differences. A slightly
larger unit cell consisting of a 13x13 graphene super cell on top of a 12x12 ruthe-
nium surface (denoted as 13C12Ru) has a lattice constant of 32.688 Å.[114] It
contains 432 ruthenium atoms in 3 layers and 338 carbon atoms. Even though
this unit cell is slightly larger than the experimentally observed one, it is of
interest from a more fundamental point of view for comparison.
In that system the corrugation is weaker than in the 12C11Ru case. According
to the DFT results of the Bocquet group, the maximum height difference be-
tween graphene carbon atoms amounts to 1.44 Å, whereas 1.51 Å are obtained
for the smaller cell.[114] This should also reflect on the BTP adsorption.
On the 13C12Ru surface, the BTP molecule is 0.07 - 0.15 Å closer to the surface
in the hill position. In the valley position, the effect is much weaker. Here, the
distance between ruthenium and BTP molecule is 0.01 - 0.04 Å smaller than
for 12C11Ru. This also leads to smaller differences in the average distance of
BTP atoms in hill and valley positions, which only range from 0.537 to 0.823 Å.
In the smaller cell, this difference is 14 to 31 % higher, depending on the force
field.

Of course, variations in the distances also result in differences of the adsorp-
tion energies: In the hill position of the 13C12Ru surface, BTP is slightly closer
to the graphene layer, thus adsorbing slightly stronger. The adsorption energy
of -2.77 to -6.203 eV is 0.3 to 2.5 % higher than on the 12C11Ru surface. In
the valley-type position, adsorption energies between -3.89 and -7.03 eV are are
slightly lower than in the smaller unit cell. This is most probably not only
related to differences in the distances of the adsorbed molecules, but also to
different sizes of the valleys in the surface and thus to different possibilities of
the BTP molecule to relax on the surface.
In total, stronger hill adsorption and weaker valley-type adsorption result in
a slightly smaller difference between adsorption sites for the 13C12Ru surface.
With 0.54 - 0.82 eV, differences in adsorption energies are 76 to 88% of the
values obtained for the smaller unit cell.
It is interesting to note that the difference between adsorption sites is not just

Table 6.4: Average distance between 2,4’-BTP atoms and topmost Ru layer [Å].
12C11Ru 13C12Ru

hill valley hill valley
UFF, QEq 6.70 5.75 6.59 5.71
UFF, Gasteiger 6.73 5.78 6.62 5.74
Dreiding, QEq 6.82 5.83 6.71 5.80
Dreiding, Gasteiger 6.86 5.86 6.71 5.83
Compass 6.60 5.70 6.53 5.68
CVFF 6.81 5.89 6.72 5.88
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Figure 6.8: Analysis of the distances between all BTP atoms and all graphene
atoms: Number of pairwise atom-atom distances.

due to the variation of the BTP-ruthenium distance. A considerable part of the
difference is also caused by the interaction with the graphene layer. This contri-
bution amounts to 25 to 44 % of the total difference und thus is far from being
negligible. But where does it stem from? Here, 2 different possibilities have
to be taken into account. One reason might be that conformational changes of
the BTP molecule cause the differences. The other reason might be that the
interaction of BTP with the surface changes strongly.
When the BTP molecule changes from hill to valley position, a slight rearrange-
ment of the molecular geometry can be observed. With UFF and Dreiding, the
BTP molecule shows a weak preference for the geometry that is favored on the
hill position, where it has more flexibility and less constraints induced by the
graphene hills. CVFF and Compass generally favor planar molecules. So the
adaptation to the curved shape of the graphene hill costs energy and the BTP
molecule prefers the more flat structure of the valley-site for these force fields.
But the energy difference between the hill and valley-site conformations of the
BTP molecule range only from 1 to -31 meV, this contribution is not enough
to explain the influence of the graphene layer on the total adsorption energies.
So the observation has to be explained in terms of different interactions of BTP

Table 6.5: Adsorption energy of 2,4’-BTP on hill and valley sites of the
graphene/ruthenium surface and energy difference ∆Esite between those sites
[eV].

12C11Ru 13C12Ru
hill valley ∆Esite hill valley ∆Esite

UFF, QEq -3.864 -4.626 0.762 -3.916 -4.505 0.589
UFF, Gasteiger -3.931 -4.711 0.779 -3.967 -4.616 0.648
Dreiding, QEq -2.756 -3.422 0.667 -2.770 -3.316 0.546
Dreiding, Gasteiger -3.265 -3.966 0.702 -3.347 -3.885 0.537
Compass -3.457 -4.076 0.619 -3.476 -4.016 0.543
CVFF -6.183 -7.161 0.978 -6.203 -7.026 0.823



6.2. INFLUENCE OF SURFACE CORRUGATION 61

and surface depending on the adsorption site.
It is obvious already from the structures in fig. 6.7 that the curvature of the
graphene layer results in an uneven distribution of carbon atoms that have a
short distance to the BTP molecule and thus interact more strongly with it. On
the valley site, the BTP molecule as a whole seems to be further removed from
the graphene layer but - due to the curvature of the graphene - more carbon
atoms on the slope of the hill are in a position to contribute strongly to the
substrate-adsorbate interaction. In comparison, the molecule seems to be closer
to the graphene layer on the hill site, but possibly there is less interaction with
the atoms on the slope of the hill.
In fig. 6.8, the analysis of all the distances between graphene and BTP atoms
clearly underlines that point: On the valley site, the number of distances up
to 3.5 Å is 26 % higher than on the hill site. This ratio decreases to 15 % for
distances up to 4 Å and to 11 % for the next interval up to 4.5 Å. Even though
the ratio declines, it can be seen that there are more short distances in the case
of adsorption on the valley site.
These pairwise distances are used for the pairwise summation of the interaction
potential, where the shorter distances contribute most strongly to the interac-
tion energy. Thus the distances are directly related to the strength of the van
der Waals bonds at different adsorption sites. Thus the fact that the valley site
shows more of the short distances means that BTP adsorbs more strongly even
on a single buckled graphene layer without contributions of ruthenium.

3,3’-BTP

Another experimental observation is that the structure formation of 3,3’-BTP
is also affected by the buckled graphene layer. Quite similar to the behavior
of 2,4’-BTP, it prefers valley adsorption sites, where it forms chains or rings
around the hills.[39]
For single molecule adsorption, the results for both BTP isomers are very sim-
ilar, both in adsorption energies and valley-hill differences. In most cases, the
difference between the isomers amounts to about 100 meV or even less for the
adsorption energies. For the 12C11Ru case, this also relates to the energy dif-
ferences, which are all smaller than 80 meV. It is interesting to note that even
though the Dreiding/QEq calculations yield higher adsorption energies for 3,3’-
BTP on both adsorption sites, the energy difference between both isomers is

Table 6.6: Difference between hill and valley adsorption site of 2,4’-BTP on the
graphene/ruthenium surface [eV]. ∆Econf [meV] denotes the energy difference
between hill and valley-site conformations of the BTP molecule.

12C11Ru 13C12Ru
BTP-C BTP-Ru ∆Econf BTP-C BTP-Ru ∆Econf

UFF, QEq -0.48 -0.28 -4.6 -0.32 -0.27 -9.0
UFF, Gasteiger -0.50 -0.28 -4.6 -0.38 -0.27 -1.4
Dreiding, QEq -0.40 -0.27 -8.7 -0.29 -0.26 -31
Dreiding, Gast. -0.43 -0.27 -6.4 -0.29 -0.25 -5.9
Compass -0.34 -0.28 4.4 -0.28 -0.27 4.1
CVFF -0.74 -0.24 1.2 -0.60 -0.23 0.77
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rather similar.
For the larger 13C12Ru unit cell, there are more variations to be observed. For
the calculations with QEq charging, the observations from the 12C11Ru case
still hold true. The differences between isomers in the Dreiding/QEq calcula-
tions can be observed again. In addition to that, CVFF and the calculations
with Gasteiger charging agree in one point: A lower energy minimum on the
hill site can be found for 3,3’-BTP, thus yielding stronger adsorption energies
and changing the energy difference between hill and valley adsorption sites by
about 200 meV.
In addition to these rather small changes, in the Compass calculation the hill-
valley difference increases by as much as 1.6 eV when 3,3’-BTP is used instead
of 2,4’-BTP. A closer look at the numbers in table 6.7 reveals that the hill ad-
sorption site is responsible for that difference. Obviously it was impossible to
relax 3,3’-BTP on the hill site properly. This inability to find a suitable local
energy minimum then leads to a significantly lower adsorption energy for the
molecule.

These findings have to be put into perspective: So far, the Compass force
field seemed to be most reliable, whereas the other force fields could not always
deliver a proper description of the system. It is also important to note that the
larger 13C12Ru surface is probably not observed in the experiment. So while
comparing different force fields and unit cells is interesting from a theoretical
point of view, maybe the main conclusion from this procedure is to show once
again the limitations of the approach.
In conclusion it can be said from the Compass calculation that both isomers
show a very similar adsorption behavior. The differences between 2,4’-BTP and
3,3’-BTP in terms of structure formation are due to the intermolecular bonds
between the BTP molecules. As will be discussed in later chapters, they can
vary depending on the different positions of the nitrogen atoms in the molecule,
thus creating different surface structures.

More generally, a comparison between graphite and graphene/ruthenium as
substrates shows how the different kinds of interactions need to be balanced
out in order to form a ordered surface structure: On graphite, there are hardly
any differences between adsorption sites, the energy barriers on the surface are
negligible. Thus once the molecule is adsorbed, it can move rather freely until
it is in a position with optimum intermolecular interactions. The resulting or-
dered pattern on the surface is mainly dominated by that kind of interaction.

Table 6.7: Adsorption energy of 3,3’-BTP on hill and valley sites of the
graphene/ruthenium surface and energy difference ∆Esite between those sites
[eV] .

12C11Ru 13C12Ru
hill valley ∆Esite hill valley ∆Esite

UFF, QEq -3.853 -4.538 0.685 -3.919 -4.432 0.513
UFF, Gasteiger -3.889 -4.669 0.780 -4.137 -4.549 0.412
Dreiding, QEq -3.388 -4.013 0.626 -3.410 -3.875 0.465
Dreiding, Gasteiger -3.400 -4.093 0.693 -3.673 -3.955 0.282
Compass -3.346 -3.971 0.625 -1.765 -3.911 2.146
CVFF -6.120 -7.105 0.985 -6.337 -6.967 0.631
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Figure 6.9: PTCDA on the graphene moiré pattern, optimized with Compass
and coarse (hill) and medium (valley site) convergence criteria.[39]

On the other hand, on graphene/ruthenium there is a clear distinction between
favorable valley and unfavorable hill adsorption sites. The energy difference be-
tween those sites easily overcomes the intermolecular interactions. As a result,
one obtains different surface structures dominated by the substrate-adsorbate
interactions.

PTCDA

In contrast to BTP, PTCDA shows no notable steering by the corrugated surface
in experiments.[39] PTCDA is smaller than BTP, so van der Waals adsorption
is also weaker. On the 12C11Ru surface, adsorption energies of -1.89 to -3.41 eV
are obtained for the hill position and values of -2.32 to -4.10 eV are determined
for the valley position. This leads to energy differences in adsorption energies
of 0.44 to 0.69 eV between those two adsorption sites. Both total energies and
energy differences are smaller than for BTP.
On the slightly larger 13C12Ru surface, PTCDA adsorption energies also in-
crease to -1.91 to -3.39 eV on the hill. In the valley position, the PTCDA
molecule again adsorbs more strongly with -2.27 to -4.05 eV. The resulting dif-
ference between adsorption sites is 0.36 to 0.66 eV, which is 82 to 96% of the
values obtained for the smaller unit cell.

Analysis

In principle, PTCDA adsorption energies show a behavior that is similar to
BTP, albeit with smaller total numbers. Still, the resulting structures are dif-
ferent: BTP seems to be influenced by the surface corrugation, whereas PTCDA
does not. In order to explain that, it is not sufficient to restrict the analysis
to mere adsorption energies, the intermolecular interaction also has to be taken
into account.
The dimer formation energy Edimer can be calculated as the energy difference
between a PTCDA dimer and 2 PTCDA monomers. One of several possible
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Figure 6.10: PTCDA dimer, optimized with Compass.

arrangements of the molecules was chosen, as it seems to be most similar to the
experimentally observed structure. This dimer is shown in fig. 6.10. Depending
on the force field, dimer formation energies of -0.177 to -0.957 eV are obtained
(see table 6.8). This agrees well with recent DFT data obtained by Mura et
al., where an interaction energy of -0.26 eV is obtained for such a dimer.[24]
Furthermore, this publication could show that in a herringbone structure, the
stabilization energy amounts to -0.585 to -0.67 eV per molecule.
In comparison to that, stabilization energies for BTP molecules are lower, as
the intermolecular C-H· · ·N hydrogen bonds are much weaker. A more detailed
discussion of the intermolecular interactions in BTP molecules can be found in
section 6.3. For the purpose of this analysis, it is sufficient to say that a dimer of
3,3’-BTP has a dimer formation energy of -0.203 to -0.420 eV, again depending
on the force field.
Even though there is a certain overlap of the energy ranges when one compares
BTP and PTCDA at the different adsorption sites, the numbers can be summed
up in the following way:
A BTP molecule adsorbs more strongly on the graphene surface than a PTCDA
molecule, which is due to the smaller size of PTCDA. But on the other hand,
intermolecular interactions are stronger for PTCDA than for BTP. In addition
to that, in general the valley-hill difference is smaller for the PTCDA molecule
than for the BTP molecule. While the structure formation is mainly determined

Table 6.8: Adsorption energy of PTCDA on the graphene/ruthenium surface
[eV], difference ∆E between hill and valley adsorption sites and PTCDA inter-
molecular interaction per dimer Edimer [eV].

12C11Ru 13C12Ru
hill valley ∆E hill valley ∆E Edimer

UFF, QEq -2.600 -3.171 0.570 -2.596 -3.112 0.516 -0.957
UFF, Gasteiger -2.248 -2.739 0.491 -2.237 -2.670 0.432 -0.179
Dreiding, QEq -3.037 -3.587 0.550 -3.034 -3.536 0.503 -0.914
Dreiding, Gasteiger -2.417 -2.875 0.457 -2.409 -2.824 0.415 -0.177
Compass -1.889 -2.324 0.435 -1.909 -2.266 0.357 -0.198
CVFF -3.405 -4.095 0.690 -3.390 -4.051 0.660 -0.343
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by the substrate-adsorbate interaction for BTP, in the PTCDA case the inter-
molecular interaction still plays an important role.
These observations confirm the assumption that PTCDA is more mobile on the
moiré pattern, whereas BTP prefers valley-like adsorption sites to the hill po-
sitions. If the energy difference between valley and hill is used as an activation
barrier for the free movement of molecules on the surface, this observation can
also be quantified: On the smaller unit cell, the barriers for BTP are 21 to 59%
higher than for PTCDA. This effect is a little weaker for the larger 13C12Ru
cell, but still BTP barriers are 14 to 52 % higher.
If now these barriers are used for an estimation of the rate constants for the
movement of the organic molecules on the surface, further deductions can be
made using the Arrhenius equation which relates the rate constant k to the
activation energy Ea:

k = k0 · exp[−Ea/kBT ] (6.1)

Increasing the activation barrier by 10 to 60 % also increases the rate constant
by a factor of 3 to 5, when all the other conditions remain unchanged. Thus it
is easier for PTCDA to move over the surface. Additionally, the interaction be-
tween PTCDA molecules is stronger, so that differences in adsorption energies
can be overcome by intermolecular stabilization. These two effects in combina-
tion lead to the experimental observation that BTP surface structures are more
strongly affected by the surface corrugation than PTCDA surfaces.
At this point, it is also interesting to again compare different force fields. Ad-
sorption energies for BTP vary strongly with the force field used. As expected,
CVFF yields the highest adsorption energies, which are more than 2 times
higher than the lowest results obtained from Dreiding with QEq charging. But
the energy differences between different adsorption sites vary less strongly. Here,
CVFF again yields the highest values, but they are only 1.5-1.6 times over the
lowest ones. So even though the absolute adsorption energies scatter strongly,
the energy differences seem to be a little more uniform.
For PTCDA, the effect is less pronounced. On the smaller surface, the differ-
ences between force fields diminish from a factor of 1.8 between highest and
lowest adsorption energy to a factor of 1.6 for the difference. On the larger
13C12Ru surface, both energies and their difference vary by a factor of 1.8 to
1.9.
In conclusion it can be said that in spite of all the variations between force
fields, it is obvious that the mobility of PTCDA on a surface is much higher
than for BTP. This also explains the experimental observation that in struc-
ture formation, BTP is much stronger affected by the surface corrugation than
PTCDA.

6.3 Intermolecular interactions in the BTP layer

The importance of a proper description of the intermolecular interactions in
the BTP surface layers has already been stressed in the previous sections. Due
to the size of the molecules, this is not as straightforward as one might think.
Quantum chemical calculations of higher quality, as presented in section 4.3 for
pyridine dimers, could not be carried out with BTP dimers, as for the moment
such calculations would be computationally too demanding.
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Figure 6.11: Potential energy curve with different force fields for a 3,3’-BTP
dimer, based on the densely packed surface structure.

However, information about the weak C-H· · ·N hydrogen bonding between the
molecules can be gained both from force field calculations and from less de-
manding DFT calculations. In addition to that, the information gained from
section 4.3 for pyridine can be of use as well, as it might serve to interpret the
data obtained for BTP. Previous MP2/6-31g(d,p) calculations had shown that
the equilibrium distance based on the linear polymorphs should be 3.00 Å with
an interaction energy of -541 meV between two molecules.[116]

Force field calculations

From pyridine dimers (see section 4.3) we already know that force fields under-
estimate the strength and overestimate the length of the weak hydrogen bonds
that are of interest here. Keeping that in mind, they can still be used for a
qualitative analysis of the bonding between two BTP molecules.
Fig. 6.11 shows the potential energy curve for a 3,3’-BTP dimer that is based
on the densely packed (DP) surface structure. The initial dimer was taken from
a relaxed free-standing layer of the DP structure, which was then allowed to
relax further.
Both equilibrium distances and interaction energies for the dimer strongly de-
pend on the force field. As expected, the bonds generally are weaker than in
the abovementioned MP2 calculations.[116]
With Compass, the equilibrium distance is 3.10 Å and the interaction energy
in the dimer is 420 meV. On the other hand, Dreiding yields a distance of -3.54
Å and an energy of only -203 meV. In between those two extremes, CVFF and
UFF can be found with 3.35 and 3.41 Å for the distances and -389 and -252
meV for the energies, respectively.
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Figure 6.12: Structures for 3,3’-BTP dimers based on the densely packed and
on the hexagonal phases.

Thus the force field equilibrium distances are 3 % too long in the best case
(Compass). The discrepancy can go up to nearly 20 % for Dreiding. For the
energies, only 78 % of the MP2 value can be obtained with the best force field
Compass. Dreiding only reaches 47 % of the MP2 result.
The same approach was also carried out with the other linear surface structures
LIN1 and LIN2 and with the hexagonal structure HEX (see chapter 7 for de-
tails on the different surface structures). After the relaxation of the dimers, the
different initial arrangements end up at very similar end points, even though
the hexagonal structure clearly differs from the linear ones in the arrangement
on the molecules relative to each other. With Compass, which is to serve as
an example here, the equilibrium distances range from 3.10 to 3.11 Å after the
relaxation. The interaction energies for the relaxed dimers vary only between
-419 and -424 meV.
Even if the dimers are not relaxed and just their distance d is varied (see fig.
6.11), the differences between the surface structures stay negligible. With Com-
pass, the equilibrium distance now lies between 3.10 and 3.16 Å. The interaction
energies related to that structures are between -416 and -423 meV.
These results also show a great weakness of the force field method: In a stan-
dard force field, the weak C-H· · ·N hydrogen bonds are not treated explicitly.
Instead, the effect of this kind of interaction is included in the non-bonding van
der Waals and electrostatic interaction terms. Thus, the interaction between
the molecules only depends on their distance, the directionality of the bonds is
completely neglected.
More subtle effects such as a differentiation between pyridine-dimer and ter-
pyridine-dimer interactions between the molecules can not be observed. In ex-
periments, the pyridine-dimer interaction has been attributed to the DP and
LIN1 networks, whereas LIN2 was found to be stabilized by terpyridine-dimer
interactions.[37] The symmetric pyridine-dimer arrangement can be found in
fig. 6.13 a). The symmetry is highlighted with gray lines that show equal bond
lengths. On the other hand, the terpyridine dimer interaction is characterized
by a small tilt of the molecules leading to an asymmetric structure, as depicted
in fig 6.14 a). Here, the blue and orange lines highlight the asymmetry of the
structure.
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Figure 6.13: Visualization of the intermolecular interactions: a) Response den-
sity of isolated 3,3’-BTP molecules upon monolayer formation, CPMD calcula-
tion by David Benoit, first published in [82]. b) Charge density difference in a
3,3’-BTP dimer, Gaussian03 PBEPBE 6-31g(d,p) calculation. Red: increased
electron density, blue: reduced electron density.

Figure 6.14: Optimized 3,3’-BTP dimer in the a) DP and b) HEX arrangement.
Colored lines denote hydrogen bonds.

DFT calculations

DFT interactions might be able to overcome the shortcomings of the standard
force fields. Fig. 6.13 a) shows density functional perturbation theory (DFPT)
calculations carried out with CPMD by David Benoit.[82] Here, the intermolec-
ular interaction in a freestanding adsorbate layer corresponding to the DP phase
is visualized. This unit cell is based on the experimental lattice constants, with
slightly non-planar molecules. The interaction energy amounts to -404 meV per
molecule.
Furthermore, careful analysis of fig. 6.13 reveals the nature of the interactions
both in dimer and periodic surface structure: Close to the nitrogen atoms the
electron density is reduced. This agrees well with the concept of nitrogen as a
hydrogen bond donor. The electron density is increased in the area between the
molecules, indicating the presence of a bond. These bonds can occur at different
positions of the molecule. In the periodic structure of fig. 6.13 a), 12 bonds can
be distinguished, which leads to an average energy of 34 meV per bond.[82]
The results for 2D periodic structures are very similar to the results for 3,3’-

BTP dimers calculated with counterpoise-corrected PBEPBE/6-311G(d,p) cal-
culations with Gaussian03 (see fig 6.13 a) and fig. 6.14). An optimized dimer
in the DP arrangement shows an interaction energy of -566 meV. The N-H dis-
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tances signifying the hydrogen bond lengths range from 2.4 to 3.0 Å, as indicated
by the red and green lines of fig 6.14 a), respectively. In the HEX arrangement
of molecules, the interaction energy amounts to -402 meV. The interaction is
weaker than in the DP case due to longer hydrogen bonds. The N-H distance
varies between 2.5 and 3.1 Å. Whether this is a local or the global minimum
has not been tested.
Fig. 6.13 b) visualizes the intermolecular bonds in a BTP dimer. As we have
already seen in the periodic structure, the nitrogen atom loses electron density
upon dimer formation and acts as hydrogen bond donor. There is an increase
of electron density in the area between the molecules. Again, directed bonds
can be observed. Thus different methods used for a periodic structure and for a
simple dimer both show that there are hydrogen bonds between BTP molecules.
Interestingly, for both structures presented in fig 6.14, a pyridine-dimer arrange-
ment is obtained after relaxation for both DP and HEX structure. The shorter
N-H bond amounts to 2.4 Å, the longer bond is nearly 3.0 Å. Where force
fields tend to result in pyridine-dimer interactions, DFT calculations of BTP
dimers seem to favor terpyridine interactions whenever possible. Thus it might
be necessary to use periodic structures in order to reproduce the experimental
observations. Possibly, the effect of the underlying substrate also has to be
taken into account. The calculations of periodic free-standing adsorbate layers
will be discussed in detail in chapter 7.
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Chapter 7

Surface structures

Depending on the adsorption conditions, a number of different ordered surface
structures can be found in experiments. This variability is caused by the subtle
interplay between the adsorbate-substrate interaction and intermolecular inter-
actions in the adsorbate as discussed in the previous sections. This section will
be focused on 3,3’-BTP, as it has proven to be the isomer with the greatest
structural flexibility so far.[25]

7.1 Introduction: Experimental results

In experiments, four different surface structures could be obtained for 3,3’-BTP
adsorption at the solid|liquid interface. The experimental findings have been
published in references [26,25,28,116], the actual numbers used in the following
paragraphs have been taken from [37].

The concentration of 3,3’-BTP in the solvent determines which of the struc-
tures is dominant on the surface. At higher concentrations of 3 ·10−4 to 3 ·10−5

mol/l, several linear structures are formed in coexistence. The most densely
packed structure (DP) has a density of 0.463 molecules per nm2 (see also fig.
7.1). This corresponds to a unit cell of 2.7±0.2 × 1.6±0.2 nm with an angle of
90±1◦ which is filled with two molecules. Based on MP2/6-31 g(d,p) calcula-
tions, the structure is stabilized by -25 kJ/mol (-259 meV) per molecule through
weak hydrogen bonds.[25]
The DP phase is in coexistence with another linear phase (LIN1, see fig. 7.2),
which has no rectangular unit cell any more. Instead, there are unit cell vectors
of 2.9±0.2 × 1.6±0.2 nm with an angle of 78±1◦. The unit cell contains two
molecules, so the density is 0.441 nm−2. This phase is stabilized by hydrogen
bonds of -44.4 kJ/mol (-460 meV).
The last of the observed linear phases (LIN2, see fig. 7.3) seems to be very
similar to the LIN1 structure, but it is found at slightly lower concentrations of
1.6 · 10−5 to 3.2 · 10−5 mol/l. The unit cell lengths are 3.15±0.05 × 1.77±0.04
nm, the angle is 81±2◦. Again, there are two molecules per unit cell, so that
the density amounts to 0.363 molecules per nm2. Another difference to LIN1
is the stabilization energy. Both in DP and in LIN1, pyridine dimer hydrogen
bonds stabilize the structure (see fig. 7.2). In comparison to LIN1, in LIN2

71
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Figure 7.1: Densely packed structure (DP) of 3,3’-BTP at the solid|liquid inter-
face. a) Experimental STM image and b) structural model taken with permis-
sion from [116]. Red lines illustrate weak hydrogen bonds.

Figure 7.2: Linear structure (LIN1) of 3,3’-BTP at the solid|liquid interface. a)
Experimental STM image and b) structural model taken with permission from
[116]. Red lines illustrate weak hydrogen bonds.

the molecules are slightly shifted against each other. Thus the structure now
has terpyridine dimer interactions and additional benzene-pyridine dimer inter-
actions between the rows of atoms (see fig. 7.3). In total, this amounts to a
stabilization of -61.9 kJ/mol (-642 meV).
Adsorption from a dilute solution of 1.6 ·10−5 mol/l also leads to the formation

of a hexagonal structure with large cavities (HEX) which is shown in fig. 7.4.
The HEX phase can coexist with the LIN2 structure. The unit cell is 4.43±0.02
nm with an angle of 61±4◦, filled with 6 BTP molecules. This leads to a den-
sity of 0.350 nm−2. The stabilization energy in this case is -64 kJ/mol (-659
meV).When an additional BTP molecule adsorbs in the cavities of the surface
structure, the density rises to 0.408 nm−2.

7.2 Calculations of surface structures

It is both possible and instructive to reproduce the experimental observations
in calculations. Due to the size of the systems, force fields have to be used
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Figure 7.3: Linear structure (LIN2) of 3,3’-BTP at the solid|liquid interface. a)
Experimental STM image and b) structural model taken with permission from
[116]. Red lines illustrate intermolecular bonding.

Figure 7.4: Hexagonal structure (HEX) of 3,3’-BTP at the solid|liquid interface.
a) Experimental STM image and b) structural model with permission from [116].

for the simulations. Different possible graphite unit cells were picked and the
appropriate number of BTP molecules was put on the surface and allowed to
relax. Both in the unit cell size and in the arrangement of the molecules, the

Table 7.1: Overview of experimentally observed 3,3’-BTP phases for adsorption
on HOPG from solution.[37]

DP LIN1 LIN2 HEX
Length a [nm] 2.7±0.2 2.9±0.2 3.15±0.05 4.43±0.02
Length b [nm] 1.6±0.2 1.6±0.2 1.77±0.04 4.43±0.02
Angle [◦] 90±1 78±1 81±2 61±4
Density [nm−2] 0.463 0.441 0.363 0.350
Stabilization energy [meV] -259 -460 -642 -659



74 CHAPTER 7. SURFACE STRUCTURES

Figure 7.5: Compass result for the relaxed HEX structure, unit cell is depicted
with red arrows.

experimental values were used as a rough guideline. For these calculations, the
relatively reliable COMPASS force field was mainly used.

The hexagonal phase

For the hexagonal structure, three different graphite super cells were tested,
with Compass lattice constants ranging from 43.5 Å to 48.4 Å. Again, several
force fields were used and are presented in table 7.2. They all yield qualitatively
similar results, even though the absolute values vary: The unit cell vectors have
nearly the same length for a given graphite superstructure, no matter which
force field is used for the relaxation of the system. Furthermore, a general trend
can be observed for the relation between adsorption energy and unit cell size.
Thus it is possible to restrict the calculations of the other structures to the
Compass force field.
For the calculation of the adsorption energy, the gas-phase conformer of 3,3’-

BTP with the lowest energy was taken as a reference. The highest gain in
adsorption energy can be obtained for a 19 × 19 graphite super cell as shown
in fig. 7.5, even though the experimental results and the adsorption energy per
area rather point to a 18 × 18 cell. The lattice constant of the 19 × 19 cell
amounts to 45.96 Å, which is 1.66 Å longer than the experimental value.
It is interesting to note that the cell with a maximum gain in adsorption energy is
not necessarily the cell where lengths and angles are closest to the experimental
values.

Yet, the intermolecular interaction energy Eint between the BTP molecules be-
haves according to expectations. It is highest for the smallest of the cells and
then decreases with increasing lattice vector. But this gain in interaction en-
ergy is obviously overcome by a loss in the graphite/adsorbate interaction and
conformational changes in the BTP molecule. In total, this leads to a small
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decrease in the adsorption energy when the lattice constant is further reduced
from the 19 × 19 cell (see table 7.2). In the 18 × 18 cell, the BTP molecule has
not enough space to relax fully, thus leading to a lower adsorption energy.
Another reason for this discrepancy between experiment and calculations has
already been discussed in section 6.3: Force fields tend to underestimate the
weak intermolecular hydrogen bonding. Thus the equilibrium distance between
BTP molecules is slightly too high in the calculations, leading also to larger
lattice constants for the relaxed cells.
This clearly shows the limitations of standard force fields. It will be impossible
to obtain a perfect agreement between experiment and force field calculation.
Still, force fields should be able to reproduce the experimental observations at
least on a qualitative level.

The DP phase

For the densely packed structure, more different graphite super cells were tried.
All cells are superstructures of a rectangular graphite cell. The Compass results
for these variations are listed in table 7.3 and chapter 12.

Table 7.2: HEX phase: Force field adsorption energy per molecule Eads[eV],
intermolecular interactions Eint [eV], lattice constant a [nm], area of the unit
cell A [nm2] and adsorption energy per area Eads/A [meV/nm2].

Eads Eint a A Eads/A
18 × 18 Compass -4.426 -0.529 4.354 16.42 -270
18 × 18 UFF -4.860 -0.420 4.397 16.74 -290
18 × 18 CVFF -7.696 -0.584 4.432 17.01 -452
18 × 18 Dreiding -4.044 -0.320 4.419 16.91 -239
19 × 19 Compass -4.491 -0.473 4.596 18.29 -246
19 × 19 UFF -4.906 -0.344 4.641 18.65 -263
19 × 19 CVFF -7.779 -0.476 4.678 18.95 -411
19 × 19 Dreiding -4.066 -0.276 4.664 18.84 -216
20 × 20 Compass -4.449 -0.423 4.838 20.27 -219
20 × 20 UFF -4.846 -0.276 4.885 20.67 -234
20 × 20 CVFF -7.695 -0.390 4.925 21.01 -366
20 × 20 Dreiding -4.037 -0.235 4.909 20.87 -193

Table 7.3: DP phase: Compass adsorption energy per molecule Eads[eV], inter-
molecular interactions Eint [eV], lattice constants a and b [nm], area of the unit
cell A [nm2] and adsorption energy per area Eads/A [meV/nm2]. A complete
list can be found in chapter 12.

Eads Eint a b A Eads/A
7 × 6 -4.029 -0.592 1.693 2.514 4.257 -946
8 × 7 -4.285 -0.339 1.935 2.933 5.676 -755
11 × 4 -4.447 -0.584 2.661 1.676 4.459 -997
11 × 5 -4.468 -0.432 2.661 2.095 5.574 -802
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Figure 7.6: Compass result for the relaxed DP structure, unit cell is depicted
with red arrows.

The highest gain in adsorption energy can be obtained for the 11×5 cell. With
26.61 and 20.95 Å, the lattice vectors differ from the experimental values of 27
and 16 Å mainly in one direction. In the DP structure, the BTP molecules
will form rows along the direction of the longer lattice vector, as shown in fig.
7.6. The agreement between force field and experiment is very good along the
rows. For the shorter lattice vector, the calculated lattice constant is nearly 5 Å
too long. In the calculation, the molecules are shifted against each other more
noticeably than in the experimental STM image (fig. 7.1). With this shift, the
longer hydrogen bond equilibrium distance for force fields can be ensured, even
though the molecules stay close to each other along the rows.
A very similar structure can also be obtained with the 8×7 cell, but with lower
adsorption energy. In addition to that, the agreement with the experimental
unit cell is also worse than for the 11×5 case.
It must be mentioned here that not all the simulated cells are useful for further
analysis. If the cell is too large, row-like structures are formed. This happens
for the 9×7, 10×6, 10×7, 11×6, 12×5 and 12×6 cases. If on the other hand
the cell is too small, the molecules will be distorted and not form flat adlayers
any more. This can be observed for the 7×6, 7×7, 8×5, 8×6, 9×6, 10×4, 10×5,
11×4 and 12×4 cells.
With respect to the highest energy gain per area, the 11×4 unit cell is most
favorable, even though the molecules are distorted in that structure. Here,
the adsorption energy amounts to -4.447 eV per molecule, which is only 20
meV from the result of the 11×5 cell. The 7×6 superstructure is closest to
the experimental lattice constants. But with only -4.029 eV per molecule, the
adsorption energy is not very favorable in that case.

The LIN1 phase

For the LIN1 and LIN2 structures, super cells were based on the hexagonal
graphite unit cell. In structure LIN1-1, the lattice vectors ~a and ~b are composed
out of the lattice vectors ~a0 and ~b0 of the hexagonal unit cell in the following
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Figure 7.7: Compass result for the relaxed LIN1 structure, unit cell is depicted
with red arrows.

way:
(
~a
~b

)
=
(

0 6
14 10

)(
~a0

~b0

)
. The various cells have been ordered by the length

of the lattice vectors and numbered accordingly. A full list of all the calculated
cells can be found in the appendix (see chapter 12).

The most favorable super cell in terms of total adsorption energy is the
(

0 8
14 10

)
cell (LIN1-12), also shown in fig. 7.7. This system also has the advantage of
flat BTP molecules and the molecules are arranged in agreement with the ex-
periment. The LIN1-6 and the LIN1-9 cells also yield appropriate structures,
but with a lower gain in energy.
A chain structure could also be observed for the LIN1-13 super cell, which is too
large. The other cells are too small, so the BTP molecules will adopt non-planar
conformations or parts of the molecules will overlap.
The highest energy gain per surface area can be obtained for the LIN1-7 phase.
But compared to the -4.468 eV per molecule (LIN1-12), which corresponds to
the highest energy gain in total, LIN1-7 only yields -4.142 eV (see table 7.4).

Table 7.4: LIN1 phase: Compass adsorption energy per molecule Eads[eV],
intermolecular interactions Eint [eV], lattice constants a and b [nm], angle φ [◦],
area of the unit cell A [nm2] and adsorption energy per area Eads/A [meV/nm2].
A complete list can be found in chapter 12.

Eads Eint a b φ A Eads/A

LIN1-2
(

0 6
15 11

)
-4.173 -0.497 1.451 3.254 74.92 4.561 -915

LIN1-7
(

1 8
13 9

)
-4.142 -0.509 1.826 2.790 70.89 4.184 -990

LIN1-12
(

0 8
14 10

)
-4.468 -0.429 1.935 3.021 76.10 5.676 -787
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Figure 7.8: Compass result for the relaxed LIN2 structure, unit cell is depicted
with red arrows.

There is a considerable difference of more than 300 meV between those two
super cells. The best agreement with the experimental lattice constants can be
obtained for the LIN1-2 case. Here, the adsorption energy per molecule is -4.173
eV.

The LIN2 phase

For the LIN2 structure, a
(

14 4
1 8

)
super cell (LIN2-8) is most favorable (see fig

7.8). The adsorption energy amounts to -4.475 eV per adsorbed BTP molecule.
In the LIN2-3, LIN2-5 and LIN2-6 cases, the desired structure is not obtained.
The structures are more similar to the LIN1 or the DP structures. The LIN2-9,
LIN2-11 and LIN2-12 cells are too big, the molecules arrange in rows that do not
interact properly, due to the large distance between the rows. The other cells
are again too small, so that the BTP molecules can not form a planar adlayer
on the graphite.
The optimum cell LIN2-8 differs again from the experimental cell. The longer

lattice vector ~a in the direction of the hydrogen bonded BTP rows is about 1.3

Table 7.5: LIN2 phase: Compass adsorption energy per molecule Eads[eV],
intermolecular interactions Eint [eV], lattice constants a and b [nm], angle φ [◦],
area of the unit cell A [nm2] and adsorption energy per area Eads/A [meV/nm2].
A complete list can be found in chapter 12.

Eads Eint a b φ A Eads/A

LIN2-1
(

13 4
1 7

)
-4.273 -0.592 2.790 1.586 85.07 4.409 -969

LIN2-8
(

14 4
1 8

)
-4.475 -0.425 3.021 1.826 82.69 5.476 -817
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Figure 7.9: Semiquantitative analysis of phase progression in the adsorption of
3,3’-BTP on graphite from solution. Image first published in ref. [37].

Å shorter for the calculated cells. On the other hand, the short lattice vector~b is
0.56 Å longer in the LIN1-8 cell. Still, this cell agrees best with the experimental
lattice constants.
With lattice vectors of 27.9 × 15.9 Å, the LIN2-1 cell is much smaller. The
density of molecules amounts to 0.454 nm−2, compared to 0.365 nm−2 for the
optimum LIN2-8 structure. For that reason, the LIN2-1 case has the highest gain
in adsorption energy with respect to the surface area. In terms of adsorption
energy per molecule, LIN2-1 has -4.273 eV, whereas LIN2-8 comes to -4.475 eV.

7.3 Analysis

7.3.1 Semiquantitative analysis of experimental results

While it is interesting to see and characterize the experimentally obtained unit
cells, further analysis can provide more insight. Especially the stability and
coexistence of the different phases at different concentrations is of interest here.
A plot of the free enthalpy of adsorption ∆G against the chemical potential µ
can be obtained from a combination of experimental and computational results
according to [37]:

∆G = ρ(Eads − µ) (7.1)

The density ρ of BTP molecules on the surface is obtained solely from ex-
periments, whereas for the adsorption energy per molecule (Eads), additional
calculations are necessary. In the approach used in ref. [37], Eads consists of
an experimental contribution for the BTP-graphite interaction according to ref.
[28] and a calculated part that describes the intermolecular interaction between
the molecules. The intermolecular interaction strength was obtained according
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to ref. [25].
As the chemical potential is related to the concentrations, this plot then reveals
the relative thermodynamic stability of the BTP phases at different concentra-
tions (see fig. 7.9).[117, 118] In equilibrium, the structure with the lowest free
energy at a given chemical potential or concentration is expected to be ther-
modynamically most stable. Thus this structure should also be found on the
surface, ideally it should be dominant.
With this approach, a range of stability can be found for each of the four ob-
served surface structures, as fig. 7.9 shows. It can further be seen that the
ordering of the phases is in agreement with the BTP density on the surface. At
low concentrations, the HEX phase is most stable, followed by LIN2 at slightly
higher concentrations. When the concentration of BTP is further increased, the
LIN1 phase appears next. The DP structure is most stable at high concentra-
tions of BTP in the solvent. As the values in table 7.1 show, this also means
that from an experimental or semiempirical point of view, the intermolecular
energy decreases with increasing packing density. The structures with higher
density seemingly have weaker or less hydrogen bonds.
This finding also agrees nicely with the experimental observations mentioned
above, even though this model can not properly show the fact that different
phases can coexist. The only hint for that observation is that the difference in
∆G between different phases is only relatively small.

7.3.2 Force field calculations

The same analysis can be carried out for the purely simulated unit cells, thus
leading to further insight into the system, but also into the applicability of force
fields.
The previous section has shown that several graphite super cells can be con-
structed for each phase. For the simple presentation of cells and adsorption
energies, the differences between those cells might seem to be irrelevant. But
the more sophisticated analysis will show that even small changes can have a
considerable effect.
This can easily be seen when the cells used for the plot of the free enthalpy
of adsorption against the chemical potential are chosen according to different
criteria. If the total gain in adsorption energy per molecule is used in order to
determine which simulated cell is to be used, this will lead to a certain ordering
of stable phases. If on the other hand the energy gain per area or the best
agreement with experimental unit cells is used as a criterion, the resulting plot
will look different. This will be shown in more detail in the following sections.

Highest gain in energy per molecule

The cells with the highest gain in adsorption energy per molecule are the hexag-
onal 19×19 cell, the densely packed 11×5 cell and the linear LIN1-12 and LIN2-8
structures.
With packing densities and adsorption energies from the force field calculations,
the plot in fig. 7.10 is obtained. This approach results in only two stable phases,
the HEX and the LIN2 phase.
It is interesting to note that the DP and the LIN1 phase should not be stable
according to that approach. For both cells, one of the lattice vectors deviates



7.3. ANALYSIS 81

Figure 7.10: Force field analysis of phase progression in the adsorption of 3,3’-
BTP on graphite, calculated with Compass. Criterion: Maximum energy gain
per molecule.

considerably - by more than 3 Å - from the experimental values. In the stable
HEX and LIN2 phases, the difference in lattice constants between experiment
and simulation remains less than 2 Å.
Quite obviously, this model does not reproduce the experimental ordering of
the phases very well, so another criterion should be used for the analysis of the
stabilities.

Highest gain in energy per area

When the highest energy gain per surface area is used as a criterion, other super
cells have to be used. Now, the information comes from the 18×18 hexagonal
superstructure, the densely packed 11×4 cell and the LIN1-7 and LIN2-1 struc-
tures. As the adsorption energy is divided by the cell area, now smaller cells
become more favorable.
With that model, three phases are supposed to be stable: The HEX, DP and

LIN1 structures should be observed in experiment. Unfortunately, this model
also is not satisfactory. It is not only that the LIN2 phase is completely missing,
but also that the ordering of the phases is wrong.
Again, a discrepancy of more than 3 Å in unit cell lengths between calculation
and experiment occurs for the non-stable LIN2 structure, whereas the difference
is less for the stable structures. This hints at the importance of correct lattice
vectors for that kind of analysis.
From the experiments, the DP phase is expected to be the most stable structure
at high concentration or chemical potential, not the LIN1 phase. But while the
ordering of the phases is wrong compared to the experiment, it is consistent in
itself: The packing density for the DP cell used here (0.4485 nm−2) is in between
the HEX (0.3654 nm−2) and the LIN1 densities (0.4780 nm−2). The different
phases seem to be arranged by the density of BTP molecules per surface area.
Low densities correspond to stable phases at low concentrations, whereas struc-
tures with high density will be stable at higher concentrations.
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Figure 7.11: Force field analysis of phase progression in the adsorption of 3,3’-
BTP on graphite, calculated with Compass. Criterion: Maximum energy gain
per area.

The observations made for the first two sets of unit cells reveal that the lattice
constants - and connected to it the packing density on the surface - is crucial
for the analysis. The changes in adsorption energy due to unit cell variation
amount to 300 meV and less. They seem to play only a minor role. So the next
step is using even better super cells.

Lattice constants in agreement with experiment

The best result so far could be obtained from the cells with lattice constants
as close as possible to the experimental values. The cells used are the 18×18
hexagonal cell, the densely packed 7×6 cell and the LIN1-2 and LIN2-8 struc-
tures.
The plot in fig. 7.12 shows improvements compared to the previous plots. The
LIN2, LIN1 and DP phases appear in the correct order. Still, the hexagonal
phase is missing.
The model developed so far seems not to hold true: The best agreement between
experimental and simulated unit cells can be obtained for the missing 18×18
HEX phase, where the difference only amounts to 0.76 Å. In all the other phases
shown in this plot, the discrepancies are much higher, up to more than 3 Å for
the LIN1 cell. But in all the other cases, one lattice vector is longer than the
experimental value and the other one is shorter. So in total, the differences in
packing densities are rather small. For the packing densities, the highest dis-
crepancy (0.15 nm−2) between experiment and calculation is indeed found for
the 18×18 HEX phase.
The HEX phase is also the structure with the smallest changes in adsorption
energy. Only 65 meV per molecule lie between the 18×18 and the 19×19 cells.
In the other extreme, the adsorption energy in the different DP cells varies by
more than 400 meV.
The conclusion drawn from testing different cells for the analysis has to be mod-
ified: Most probably, it is not the lattice constants, but the density of molecules
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Figure 7.12: Force field analysis of phase progression in the adsorption of 3,3’-
BTP on graphite, calculated with Compass. Criterion: Maximum agreement
with experimental lattice constants.

per surface area that is the key factor to reproducing the experimentally ob-
served plot. The changes in adsorption energy still seem to be quite irrelevant
here.

Final results and discussion

Finally, one version of the plot leads to a phase progression that corresponds
to the experiments.[37] It is based on the cells where the lattice constants are
closest to the experiment, with the exception of the hexagonal cell. Here, a
19×19 superstructure proved to be more favorable than the 18×18 cell. As
shown above, the energetic difference between both cells is rather small, so the
substitution seems to be acceptable.
With that, there is an area of stability for each of the four phases. Even the
ordering of the phases is reproduced correctly. The only relevant difference is
that in the calculations the phases appear at completely different chemical po-
tentials. Even though this plot is in agreement with the experimental data, the
results are not entirely satisfactory. Fig. 7.14 reveals that the BTP molecules
distort strongly. The distortion of the BTP molecules leads to a loss in adsorp-
tion energy. One reason for the distortion is the fact that in force fields the weak
hydrogen bonds are underestimated, so the experimental cells are too small for
an ideal arrangement on the BTP molecules.
In general, the results show that this kind of analysis seems to be more sensitive
to the changes in the packing densities than to the changes in adsorption ener-
gies. But for the HEX case, the agreement in packing densities worsens with the
19×19 cell, whereas the total analysis improves. This shows that the interplay
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Figure 7.13: Force field analysis of phase progression in the adsorption of 3,3’-
BTP on graphite, calculated with Compass. Final version.

Figure 7.14: Relaxed force field geometries for the simulated a) densely packed
7×6 and the b) LIN1-2 structure. The BTP molecules are strongly distorted.

between the different factors substrate-adsorbate interaction, intermolecular in-
teraction and packing density is more complex, and can be explained with the
simple model only up to a certain point.
In favor of the calculations it has to be said that the difference between the
slopes of the BTP phases is rather small. This means that also the difference
in free energies is rather small. This enables the experimentally observed co-
existence between different phases. Furthermore, even very subtle changes in
the parameters will have an effect on the appearance of the plot, as can be seen
from the calculated results.
Even though it is possible to mimic the experimental phase progression with

force field calculations, at several points the limitations of the theoretical ap-
proach become clearly visible.

• The model heavily relies on experimental input for the lattice constants.
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The force field optimized cells are not of sufficient accuracy.

• Even though the final plot 7.13 is seemingly adequate, the structures con-
nected to it look rather unsuitable (see fig. 7.14).

• The experiments have been carried out at the solid|liquid interface, whereas
calculated results do not take into account the influence of the solvent so
far. This will be addressed in chapter 10.

7.4 Density functional theory results

As the force fields lack in accuracy, DFT calculations of the free-standing ad-
sorbate layers were attempted. Starting from the Compass results for the unit
cell dimensions, the length of the lattice vectors was varied in DFT calculations
in order to find more accurate lattice vectors. Combining the improved packing
densities of the BTP molecules for the different surface structures with the ad-
sorption energy of a single BTP molecule on graphite (see chapter 6.1) should in
principle improve the results compared to the force fields. For the HEX phase,
highly accurate DFT calculations are not feasible due to computational limita-
tions. The VASP accuracy was set to ”low”, the energy-cutoff to 300 eV. The
DFT calculations with this setting yielded a local energy minimum for a lattice
vector of 44.7 Å, which is slightly longer than the experimental unit cell length
of 44.3 ± 0.2 Å. With that lattice vector, the intermolecular interaction energy
per molecule amounts to -315 meV.
The LIN1 phase has DFT-optimized lattice vectors of 30.6 × 18 Å. This devi-
ates considerably from the experimental 29 × 16 Å, but is still in the range of
experimental accuracy (± 2 Å). Still it has to be noted that the energy differ-
ence between using experimental and DFT lattice parameters only amounts to
689 meV per unit cell, which is only 344 meV per molecule.
LIN2 is so similar to LIN1 that the results are more difficult to interpret here.
The absolute energy minimum is obtained for 30.5 × 17 Å. In terms of energy
per molecule, only 70 meV can be gained in the smaller cell compared to the
cell using experimental lattice parameters.
Unfortunately, the length of the unit cell vectors in DFT corresponds rather to
the LIN1 than to the LIN2 experimental cell. It deviates by nearly 1 Å from
the 31.5±0.5 × 17.7±0.4 Å obtained from experiments. Another local minimum
can be found at 31.5 × 17.2 Å. Here, the unit cell vectors agree better with the
experiment, at the cost of 50 meV per molecule compared to the first minimum.
Generally, LIN2 data are hard to interpret as the energies vary only little and
no clear minimum can be distinguished.

For the DP phase, a more thorough analysis was carried out due to the rel-
atively simple structure. In experiments, lattice constants of 27±2 × 16±2 Å
have been found. For a completely flat arrangement of the BTP molecules, this
proved to be very unfavorable. Elongating both axes by 1 Å leads to an energy
gain of 900 meV per molecule. Thus the outer pyridine groups were allowed to
adopt non-planar arrangements in the next steps. This slight buckling of the
molecules already results in an energy gain of 1.20 eV per molecule for the ex-
perimentally observed unit cell size. Additional relaxation of the lattice vectors
yields a cell of 27.5 × 17.1 Å with an energy gain of 140 meV per molecule
compared to the buckled experimental unit cell and an interaction energy of
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Figure 7.15: Relaxed structures of different free-standing 3,3’-BTP adsorbate
layers calculated with VASP: a) HEX, b) DP, c) LIN1 and d) LIN2 (30.5 × 17
Å).

-463 meV per BTP molecule.
The analysis of the phase progression based on the VASP result (see fig. 7.16
and fig. 7.17) clearly shows the weak point of the DFT calculations: The LIN2
phase is not described properly. As a consequence, the LIN2 structure is clas-
sified as non stable (see fig. 7.17) for the local energy minimum with the larger
unit cell of 31.5 × 17.2 Å. The smaller of the unit cells with 30.5 × 17 Å turned
out to be energetically the most favorable in this study. But here, the LIN2
phase is situated between the LIN1 and DP phases in the phase progression
analysis. From the experiment, it would be expected to appear between the
HEX and LIN1 phases, and the range of stability should span a wider area of
the chemical potential than it appears from the VASP calculations.
Apart from the LIN2 problem, the ordering of the different phases can be pre-
dicted accurately with the VASP results. It is also possible to explain the fact
of coexisting phases with VASP. The different lines differ only slightly in their
slopes, so that the coexistence of rather similar phases is easily possible. On
the other hand it has to be noted that VASP shifts the transition between the
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Figure 7.16: Phase progression in the adsorption of 3,3’-BTP on graphite, cal-
culated with VASP. The LIN2 unit cell is 30.5 × 17 Å.

Figure 7.17: Phase progression in the adsorption of 3,3’-BTP on graphite, cal-
culated with VASP. The LIN2 unit cell is 31.5 × 17.2 Å.

HEX and LIN1 phases to an even more negative potential than the force fields.
This disagrees with the experimental findings. However, the influence of the
experimentally used solvent is not taken into account in this set of calculations,
so a final quantitative statement can not be made at this point.
In summary it must be said that even though the VASP procedure does not fail
completely, it shows several shortcomings and not the expected improvement
for the phase progression. This is hardly surprising, as the model used here is
very crude: Free-standing adsorbate layers and the adsorption energy of a single
molecule on the surface are used in order to describe ordered surface structures
deposited from solution. The effect of the surface and the solvent on specific
structures is completely neglected. Such a simple approach is obviously not
sufficient in order to describe the system with the necessary accuracy. Taking
into account the surface and the solvent would be a desirable next step, which
is unfortunately hindered by computational limitations.
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Chapter 8

Oxidation of surface
structures

Figure 8.1: Changes in the quasi-quadratic network of 2,4’-BTP on Ag(111)
upon oxygen addition: experimental STM images before (left) and after (right)
being exposed to oxygen, from [119].

In STM experiments under UHV conditions, it could be shown that the addi-
tion of molecular oxygen to the quasi-quadratic 2,4’-BTP network on a Ag(111)
surface clearly changes the surface structure.[27] A bright spot appeared repro-
ducibly only on one part of the BTP molecule and the quasi-quadratic network
changed to a slightly more row-like structure.
In order to characterize these changes, different computational approaches had
to be combined: Simple comparison of gas-phase properties pointed towards
possible chemical species, but was not able to correctly predict which isomer
is formed on the surface. Calculations of free-standing adsorbate layers and
the oxidation of molecular fragments on different substrates could then further
clarify the experimentally observed features.

89
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Figure 8.2: Nomenclature of possible 2,4’-BTP oxides.

8.1 Gas-phase oxides

As STM experiments hint at the formation of stable BTP oxides,[27] the num-
ber of possible oxidation products is drastically reduced to BTP epoxides and
N-oxides. Mere adducts of molecular oxygen with the aromatic systems of the
BTP molecule do not seem to be probable reaction products. All calculations
carried out so far have shown that such adducts are energetically not favorable.
Gas-phase Gaussian calculations of different N-oxides and epoxides can help to
reveal which species can be formed with a gain in energy. These different oxide
species are named according to fig. 8.2: Epoxides can be formed at different
positions of rings A and B. Only 2 different N-oxides (A or B) can be formed.
Both STM evidence and steric considerations suggest that the outer pyridine
units are oxidized preferentially, so the calculations were restricted to those.

Gaussian03 optimizations with the B3LYP method and the 6-311G basis set
should help to specify highly probable species. Comparison of different ox-

Table 8.1: Energies of 2,4’-BTP oxides [eV], relative to the isomer with the
lowest energy. Gaussian03 optimization of non-planar structures with B3LYP/6-
311G.

Species Rel. energy [eV]
N-oxide A 0.150
N-oxide B 0.000
Epoxide A1 2.286
Epoxide A2 2.177
Epoxide A3 0.848
Epoxide A4 1.009
Epoxide A5 0.881
Epoxide A6 0.933
Epoxide B1 2.183
Epoxide B2 0.779
Epoxide B3 0.955
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Figure 8.3: Simulated STM images of occupied orbitals: a) 2,4’-BTP, b) N-oxide
A and c) N-Oxide B.

Figure 8.4: Simulated STM images of unoccupied orbitals for a) 2,4’-BTP, b)
N-oxide A and c) N-Oxide B.

ide isomers on the outer part of the molecule clearly shows that N-oxides are
energetically more stable than epoxides (see table 8.1). Epoxides containing
N-O-bonds are particularly unfavorable, they are more than 2 eV higher in en-
ergy than the N-oxides. But also with only C-O bonds, epoxides are nearly 1
eV higher than N-oxides. These results show that most probably, epoxides will
not be formed. This also seems reasonable from an intuitive point of view, as
epoxide formation would destroy the aromatic system.
Both N-oxides, N-oxide A and N-oxide B, are rather low in energy. It is inter-
esting to note that in DFT calculations N-oxide B is more stable by 150 meV,
whereas in experiments N-oxide A seems to prevail.

8.2 Simulation of STM images

Another tool for the identification of the most probable oxide species can be
found in simulated STM images. Compared to the plain 2,4’-BTP molecule,
both N-oxide and epoxide should show changes in their electronic structure. As
epoxide formation has already been ruled out, only N-oxides need to be com-
pared in detail here. Still, it is also interesting to look at the epoxides with a
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Figure 8.5: Simulated STM images of occupied orbitals for 2,4’-BTP epoxides
a) A1, b) A2, c) A3, d) A4, e) A5, f) A6.

more theoretical interest.
In order to visualize these changes, STM images were simulated based on Gaus-
sian B3LYP/6-311G calculations of the electronic structure of flat molecules.
Both occupied and unoccupied orbitals were used for the image simulations, so
that there is one set of images which shows the HOMO and the orbital below,
and another set for the LUMO and the orbital above.
A direct comparison of N-oxide and pure 2,4’-BTP (Fig. 8.3) shows clear differ-
ences for the simulated images based on occupied orbitals. The oxidized pyridine
ring appears brighter than it is in the unoxidized molecule. The changes are also
mainly localized on the aromatic ring that is affected by the oxidation. There
is no significant transfer of electron density to the rest of the molecule.
For the simulated images based on unoccupied orbitals, the situation is different,
the N-oxides can not be distinguished clearly from the original 2,4’-BTP. There
are some small changes in the number and shape of single lobes that constitute
the oxidized part of the molecule. But these changes are rather small. The low-
est unoccupied orbitals that contribute to these STM simulations obviously are
mainly centered on the pyridine framework of the N-oxide molecule. Oxidation
doesn’t have strong effects on the orbitals in the energy range that was analyzed
for the images shown in fig. 8.4
If one keeps in mind that the resolution in experimental images is lower than
in simulated images, one can very possibly conclude that an N-oxide forma-
tion could probably be only observed in STM experiments that use tunneling
through the occupied orbitals. Even though they are energetically unfavor-
able, a comparison to simulated images of epoxides is very instructive. Whereas
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Figure 8.6: Simulated STM images of unoccupied orbitals for 2,4’-BTP epoxides
a) A1, b) A2, c) A3, d) A4, e) A5, f) A6.

Figure 8.7: Simulated STM images of occupied orbitals for 2,4’-BTP epoxides
a) B1, b) B2 and c) B3.

the complete oxidized pyridine ring becomes brighter for the N-oxides, more
localized effects can be observed for epoxides. For the occupied orbitals, the
additional oxygen atoms can be identified as small bright spots in nearly all of
the cases. This agrees very well with the experimental images, where the effect
of oxidation looks more like a sharp white spot rather than the more diffuse
increase in brightness that was observed for the N-oxide. But still, it is not pos-
sible to determine from experimental STM images alone whether these spots
can be attributed to N-oxides or epoxides.
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Figure 8.8: Simulated STM images of unoccupied orbitals: 2,4’-BTP epoxides
a) B1, b) B2 and c) B3.

This effect can not only be observed for the occupied, but also for the unoc-
cupied orbitals. Again, bright protrusions at the oxygen positions can be seen
on the molecule. Interestingly, the effect of the oxygen atom seems to be more
diffuse on the unoccupied orbitals and more localized on the occupied orbitals.
So the STM images based on unoccupied epoxide orbitals have some similarity
to the images derived from the occupied N-oxide orbitals.
In conclusion, the different oxides species produce similar effects on occupied
orbitals. Still, a clear distinction between N-oxide and epoxide might be possible
when only unoccupied orbitals are taken into consideration.

8.3 Oxidation of terpyridines on different sub-
strates

Calculations of the full surface structure are computationally very costly, so
a smaller model system was chosen in order to simulate the BTP oxidation.
Terpyridines are small fragments of the original 2,4’-BTP molecule that can be
treated more easily in DFT calculations including a metal substrate.
A visualization of the electrostatic potential mapped on an electron density iso-
surface shows that the simplification of the molecule is reasonable. As fig. 8.9
shows, the key features remain intact when a terpyridine model is used instead
of a complete BTP molecule. Both for BTP and terpyridine, there is an ac-
cumulation of negative charges on the nitrogen atoms in the model. In both
cases, this negative charge is stronger on the 4-pyridyl group (ring B) than it
is on the 2-pyridyl group (ring A), due to intramolecular hydrogen bonds. As
their electronic properties are very similar, one can conclude that terpyridine
and BTP will also show similarities in their reactivity.
This is then utilized in VASP calculations of the terpyridine oxidation on dif-

ferent metal surfaces. For these calculations, a terpyridine molecule was relaxed
on top of a four-layer silver or gold slab, with the lower 3 layers kept fixed.
The unit cell consisted of a 5×7 super cell of the metal(111) surface. Oxygen
atoms and molecules were added to the system at different sites and interaction
energies were calculated. In addition to that, the interaction of oxygen species
with the bare metal surface was also taken into account.



8.3. OXIDATION OF TERPYRIDINES ON DIFFERENT SUBSTRATES 95

Figure 8.9: Mapped electrostatic potential (range from -0.05 to +0.05) mapped
on the electron density isosurface (isovalue: 0.0004 e/Å3) for a) 2,4’-BTP and
b) the terpyridine model. Red corresponds to negative, blue to positive partial
charges. Gaussian03 B3LYP/TZVP results.[27]

The adsorption sites for molecular oxygen were chosen with a view of possible
products: Oxygen on top of the terpyridine molecule hints at future adduct
formation with molecular oxygen. The oxygen molecule close to the terpyri-
dine nitrogen atom is suggestive of N-oxide formation. Additionally, the oxygen
molecule was also placed between metal surface and organic adsorbate.
For easier reference, the different sites are named in the following way (see also
fig 8.10): The 2-pyridyl group is still denoted as ring A, the 4-pyridyl group as
ring B. On site 1, the oxygen molecule is oriented perpendicular to the terpyri-
dine molecular plane and placed on top of the pyridine ring. Site 3 is similar
to that, with the oxygen molecule parallel to the molecular plane. Site 4 cor-
responds to site 3, but now the oxygen molecule is shifted downwards, so it is
situated between metal surface and terpyridine molecule. Finally, site 2 already
suggests N-oxide formation. The oxygen molecule is placed in the molecular
plane with one atom pointing towards the pyridine nitrogen atom.

Standard DFT methods

The results obtained with standard DFT methods show several things (see table
8.2:

• The adsorption energy of terpyridine is rather small on both substrates.
This is not surprising, as no dispersion correction is used in this set of
calculations.

• For all cases, the epoxide formation is not favorable. So the epoxidation
of the pyridine ring still does not seem to be very likely.

• Contrary to that, a gain in energy is related to the N-oxide formation,
no matter on which substrate. These results refer to the reaction of a
terpyridine molecule with a single oxygen atom.
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Figure 8.10: Different initial configurations for terpyridine interaction with
molecular oxygen: a) Oxide A site 1, b) oxide B site 2, c) oxide B site 3,
d) oxide A site 4.

• On Ag(111), the energy gain is highest for the N-oxide formation. Au(111)
as a substrate does not seem to have much of an effect, as it yields forma-
tion energies comparable to the vacuum results.

• Addition of an oxygen molecule to the system at different positions with
subsequent optimization can have very different outcomes, depending on
the exact site.

• Under vacuum conditions, the interaction of molecular oxygen with a ter-
pyridine molecule costs energy in all cases. The oxygen molecule stays
intact, terpyridine oxidation is not observed.

• On Ag(111), the energies point at oxygen dissociation at sites 2 and 4,
that means when the oxygen is either placed in the appropriate position
for N-oxide formation or between metal and terpyridine. In both cases,
one oxygen atom forms the N-oxide, the other one adsorbs on the silver
substrate. However, these results are derived only from adsorption ener-
gies, energetic barriers or the dissociative adsorption path have not been
taken into account.

• Energy is gained only in the dissociative adsorption of oxygen. In all other
cases, the interaction costs energy.

• On gold, dissociative adsorption can also be found on site 4. But in that
case, the process is nearly neutral in terms of energy, so a strong driving
force for an oxidation on gold might be missing.

• For site 2, dissociation on Au(111) occurs only on ring B. This process
would gain around 600 meV. In comparison to that, more than 1 eV can
be obtained on Ag(111). So even though the N-oxide formation seems
possible on Au(111), it is energetically much more favorable on silver.
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Figure 8.11: Relaxed result for the dissociative adsorption of an oxygen molecule
on Ag(111).

• In experiments, N-oxide A is mainly produced. In the calculations on
silver, N-oxide B is favored when the oxygen is initially placed on site 2.
But with only 95 meV, the difference between both sites is rather small.
While this result might explain the formation of both N-oxides, it does
not explain why N-oxide B is hardly found on experimental STM images.

• For site 4, N-oxide A is clearly more favorable than N-oxide B. But as the
dispersion correction is missing for these calculations, their credibility is
rather limited. Without a proper description of van der Waals interactions,
the distance between terpyridine and the surface is too high. This greatly
interferes with the behavior of the oxygen molecule, as it is placed in the
space between substrate and adsorbate.

Table 8.2: Terpyridine and oxygen on metal: Formation energies of different
species [eV].

Vacuum Ag(111) Au(111)
Terpyridine adsorption - 0.108 -0.0234
Epoxide A 2.77 2.80 0.122
Epoxide B 2.80 3.39 0.308
N-oxide A -0.266 -0.414 -0.23
N-oxide B -0.463 -0.673 -0.401
O2, A, site 1 0.00635 0.791 0.452
O2, B, site 1 -0.000875 0.854 -0.0545
O2, A, site 2 0.971 -1.047 0.186
O2, B, site 2 0.979 -1.142 -0.584
O2, A, site 3 1.11 0.031 1.24
O2, B, site 3 1.02 0.756 0.506
O2, A, site 4 1.01 -0.914 -0.0684
O2, B, site 4 1.00 -0.556 -0.0663
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Figure 8.12: Relaxed result for the dissociative adsorption of an oxygen molecule
on Au(111).

So even though the model is rather coarse, some of the experimental observations
can be explained qualitatively. N-oxide formation is preferred to epoxidation.
Silver seems to be the surface best suited for the process, as it is the only sub-
strate where a considerable amount of energy is gained upon oxygen adsorption
and N-oxide formation. This is also supported by the fact that - in contrast
to other surfaces - oxygen molecules adsorb dissociatively on the Ag(111) sur-
face.[120,121]
In total, these findings support the following adsorption mechanism:[27] The
oxygen molecule first asorbs dissociatively on the silver surface. The newly-
formed oxygen atoms then attach to the organic molecule to form the N-oxide.
As the barrier for the formation of atomic oxygen is lower on Ag(111) than on
Au(111),[122] the N-oxides can not be formed on gold.
Still, DFT calculations do not favor the same isomer as the experiments. Using
the full BTP surface structure or improving the method by using dispersion-
corrected DFT might improve results.

Dispersion-corrected DFT

As mentioned in the previous section, the model for the BTP oxidation still
needs to be refined. Increasing the size of the system is currently out of range,
but improving the method by using DFT-D is a feasible approach.
For these calculations, the 2010 set of Grimme parameters was used (DFT-
D3) [77] for the relaxation of the terpyridine subunit. In addition to that, the
treatment of oxygen required spin polarized calculations and convergence was
faciliated by using a mixing scheme with the following technical parameters in
the VASP code: AMIN = 0.01, AMIX = 0.02, BMIX = 0.100, AMIX MAG =
0.05, BMIX MAG = 0.10.
From these calculations, energies for relaxed free and adsorbed molecules can

be obtained. In the next step, various adsorption and interaction energies can
be calculated.
The adsorption of an oxygen atom on Ag(111) results in an adsorption energy of
-3.938 eV. If the dissociation of oxygen is also taken into account, only -0.702 eV
are gained per molecule, as the dissociation costs energy (6.74 eV). On Au(111),
the adsorption of an oxygen atom yields only -3.625 eV, the dissociative adsorp-
tion of an O2 molecule -0.390 eV.
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The effect of dispersion correction can be seen in the terpyridine adsorption en-
ergy, which is -1.726 eV on Ag(111) and -1.957 eV on Au(111). The oxidation
also has an effect on the adsorption energy. The oxidized molecule adsorbs more
strongly on the surface, which is due to the interaction of the additional oxygen
atom with the metal surface. With 130 and 150 meV for N-oxides B and A,
respectively, the changes effected by the oxygen atom are more noticeable on
the silver surface. On gold, only 50 and 120 meV are obtained for N-oxides B
and A, respectively.
The strength of the N-O bond amounts to -3.7 to -3.9 eV, depending on the
substrate and the reaction site. Formation of N-oxide A is slightly less favorable.
In comparison to N-oxide B, it yields 200 meV less on Ag(111) and 118 meV
less on Au(111). The difference between substrates is only 94 meV for N-oxide
B and 12 meV for N-oxide A. So for the strength of the N-O bond, the difference
between reaction sites is more relevant than the difference between substrates.
When the dissociation of O2 is also taken into account, two different cases have
to be considered. First, both oxygen atoms can take part in the N-oxide for-
mation. When one oxygen molecule forms 2 terpyridine N-oxide molecules, 0.4
to 0.6 eV are gained per oxygen atom. Again, the dissociation of oxygen costs
nearly as much as can be gained by oxygen formation. The conclusions for dif-
ferent isomers and substrates are the same as for the N-O bond strength, as in
this case only the oxygen dissociation is considered in addition to the different
N-O bonds.
Second, one atom forms the N-oxide while the other atom adsorbs on the metal
substrate. Here, 0.4 to 0.7 eV can be gained per oxygen atom. The isomers
differ by only 96 and 60 meV on Ag(111) and Au(111), respectively. N-oxide
B formation again yields more energy than N-oxide A formation. When the
substrates are compared, Ag(111) is clearly preferred over Au(111), with differ-
ences of about 200 meV. This difference now increases compared to the previous
cases, because the interaction between oxygen and metal surface shows a clear
distinction between silver and gold.
Finally, dispersion correction alone does not help to confirm the experimentally

Table 8.3: Terpyridine and oxygen on metal with DFT-D3: Formation energies
of different species per O atom [eV].

Ag(111) Au(111)
O atom adsorption -3.938 -3.625
O2 molecule dissociative adsorption -0.702 -0.390
Terpyridine adsorption -1.726 -1.957
N-oxide A adsorption -1.859 -2.079
N-oxide B adsorption -1.873 -2.011
N-oxide A formation from O atom -3.679 -3.667
N-oxide B, formation from O atom -3.879 -3.785
N-oxide A formation from O2 -0.443 -0.431
N-oxide B formation from O2 -0.643 -0.549
N-oxide A and metal oxide formation from O2 -0.577 -0.410
N-oxide B and metal oxide formation from O2 -0.673 -0.470
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observed isomer from a theoretical point of view. In all cases considered, a higher
gain in energy is obtained when N-oxide B is formed, and not the experimen-
tally observed oxide A. But the DFT-D calculations can tentatively support the
observation that the reaction with oxygen only occurs on silver. It also agrees
with the assumed mechanism of dissociative oxygen adsorption on the metal
surface, followed by N-oxide formation. In the calculations with Ag(111) more
energy is gained than in the Au(111) cases. This becomes especially relevant
when part of the oxygen also interacts with the substrate.

Adsorption sites

With DFT-D3, the influence of different adsorption sites of the terpyridine
model on the adsorption energy was checked. In addition to the random starting
positions, optimizations were carried out with the nitrogen atoms of the terpyri-
dine molecule either in top or in hollow positions with regard to the underlying
metal substrate.

For the terpyridine on Ag(111), the top adsorption site is slightly favorable
to the hollow site by 100 meV. The difference to the randomly chosen starting
configuration is negligible. This also applies to the oxide B, where the top site
is favored by 43 meV. With oxide A, the randomly chosen position proved to
yield the highest gain in adsorption energy, even though the difference amounts
to only 45 meV.
Similar observations can also be made on the Au(111) substrate. For the initial
terpyridine molecule, the random orientation is more favorable by 76 meV. For
the oxides, the hollow position leads to the highest energy gain. But compared
to the top adsorption site, the difference only amounts to 25 meV for oxide A
and 15 meV for oxide B.
It can be seen that the terpyridine and its oxides adsorb more strongly on gold
than on silver. Not surprisingly, the oxides also adsorb more strongly than the
unchanged terpyridine building block. This observation is independent from the
substrate. It is also interesting to note that N-oxide A tends to have a slightly
stronger interaction with the surface than oxide B.
In conclusion, it could be shown that the orientation of the terpyridine molecule
with respect to the underlying metal substrate has a small influence on the ad-
sorption energy of the different species. As these differences are smaller than
100 meV, it remains unclear whether this will have any effect on the experimen-

Table 8.4: Terpyridine and terpyridine oxides DFT-D3 adsorption energy on
the metal(111) surface [eV], dependence on different adsorption sites.

random top hollow
Terpyridine Ag -1.717 -1.719 -1.617
Terpyridine oxide A Ag -1.875 -1.830 –
Terpyridine oxide B Ag -1.819 -1.868 -1.825
Terpyridine Au -2.027 -1.951 -1.905
Terpyridine oxide A Au -2.078 -2.114 -2.139
Terpyridine oxide B Au -1.964 -2.057 -2.072
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tal observations made at elevated temperatures.
Theses small changes also slightly influence the energy gain of the oxidation
reaction. The formation of an N-oxide out of a terpyridine (TP) molecule and
molecular oxygen on the surface is connected with an energy gain. This reaction
can be described as follows:

2 · TP +O2 → 2 · TP − oxide (8.1)

If only the most favorable adsorption sites are taken into account in all cases,
the formation of the experimentally observed N-oxide A leads to an energy gain
of 465 meV on Ag(111) and 421 meV on Au(111) per terpyridine molecule. The
oxidation of an isolated molecule without any surface only results in an energy
gain of 309 meV per terpyridine molecule. Thus the surface enhances the oxi-
dation process by stabilizing the products. This trend can be confirmed if one
looks at the dissociative adsorption of O2 on the terpyridine-covered surface. As
presented in the previous sections, one oxygen atom forms the N-oxide, whereas
the other atom adsorbs on the metal surface. Here, the reaction on Ag(111)
leads to an energy gain of -1.167 eV per oxygen molecule, whereas on Au(111)
only -0.811 eV are gained.
These numbers show that the oxidation process is more favorable on Ag(111)
than on Au(111). This might help to explain why in experiments, the N-oxide
formation occurs only on silver, not on gold. However, the most probable ex-
planation can be found in the proposed mechanism: Oxygen first dissociates on
the metal surface, then forms N-oxides. Due to the barriers for the dissociation
process, the reaction will only occur on Ag(111).
But still one major problem remains in this treatment of the system. Taking
into account different adsorption sites also does not help to explain why calcu-
lations favor N-oxide B, whereas in experiments, only N-oxide A is observed.
Finally it must be said that even though the dispersion correction can help
to obtain a more realistic description of the system which does not contradict
the assumed reaction mechanism, it does not solve the most obvious problem:
Still, according to DFT results the other N-oxide isomer should be more favor-
able. This leads to the assumption that simple energetic considerations are not
enough in order to explain the oxidation process. So far, steric effects of the
real system have not been taken into account. Therefore, the next section will
focus on the whole adsorbate layer at the cost of neglecting the metal surface
and its different adsorption sites.

8.4 Free-standing adsorbate layers

For the calculation of the full system, the underlying metal surface could not be
taken into consideration. Such calculations would become prohibitively expen-
sive. Instead, free-standing adsorbate layers were relaxed both with force fields
and DFT.

Force fields

Even though it would be feasible in terms of computational effort, force fields
are not technically equipped for a description of the metal substrate. Thus a
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Figure 8.13: Relaxed result for the adsorption of terpyridine (a)) and its oxides
(b) and c)) on different adsorption sites of the 1) Ag(111) and 2) Au(111)
surfaces. Images show the result with the highest gain in adsorption energy.
Underlying transparent molecule shows the initial position of the molecule.

planar free-standing BTP layer was studied with force fields.
Relaxation of the 2,4’-BTP QQN (quasi-quadratic network) structure with UFF
results in a lattice constant of 32.85 Å. Formation of N-oxide B leads to an in-
crease of the unit cell, the N-oxide molecule requires more space. The cell also
loses its quadratic symmetry. The lattice constants for the relaxed N-oxide B
structure are 33.14 × 34.92 Å. N-oxide A on the other hand needs less space.
With 33.02 × 33.11 Å the changes from the original QQN surface stay below
1%.
With Compass, quite similar results are obtained. The 2,4’-BTP QQN struc-
ture has a lattice constant of 32.31 Å. N-oxide B formation enlarges the cell to
32.73 × 33.87 Å, whereas N-oxide A only needs 32.42 × 32.47 Å.
In the experiments, oxygen is added to the preformed 2,4’-BTP QQN network.
The lattice constants hardly change during the oxidation. This is little sur-
prising, as considerable changes in the lattice constants would require major
rearrangements of the surface structure. However, the experiments suggest that
the oxygen attaches to the existing structure instead of effecting such major
changes. From the point of view of space requirements, this nicely agrees with
the formation of N-oxide A, whereas N-oxide B should be less favorable.
But the energies do not completely support this view. For relaxed systems, the
cell based on N-oxide B is lower in energy than the one based N-oxide A with
both force fields. The energy difference amounts to 1.700 and 0.292 eV per unit
cell for UFF and Compass, respectively. This amounts to a difference of 425
meV (UFF) and 73 meV (Compass) per molecule.
With lattice constants fixed to the relaxed QQN length, Compass yields inter-
esting results: The N-oxide A adsorbate layer now is lower in total energy than
the N-oxide B isomer. The energy difference amounts to 342 meV per unit cell,
this corresponds to 85.6 meV per BTP molecule. Unfortunately, this can not be
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Figure 8.14: VASP result for the relaxation of the flat oxidized adsorbate layer.
a) N-oxide A, b) N-oxide B. Lattice constants fixed at 32.8 Å.

confirmed with UFF. Here, the N-oxide B phase is more favorable by 152 meV
per BTP molecule.
Especially the differences in space requirements could explain why the formation
of N-oxide A is preferentially observed on the preformed QQN surface in exper-
iments. But as the applicability of standard force field parameters to the more
unusual N-O bond remains doubtful, DFT calculations are highly necessary.

Density functional theory

The DFT calculations have initially been based on the UFF results, the QQN
cell relaxed with UFF was used as a first input for the DFT calculations.
Variation of the unit cell length then resulted in the local minimum for the flat
surface structure at a length of 32.8 Å. This is 1 Å longer than the experimentally
observed value of 31.8±0.5 Å.[34] Neglecting the constraint of planar molecules
by starting the relaxation with slightly twisted BTP molecules marginally im-
proves the cell constant to 32.75 Å.
For the oxide calculations, different cases were compared:

• A planar unit cell with a lattice constant of 32.8 Å was used first. Under
these circumstances, the unit cell containing N-oxide B is 1.12 eV lower in
total energy than the cell with N-oxide A. This corresponds to a difference
of 281 meV per N-oxide molecule.

• A non-planar unit cell with 32.75 Å has very similar results. Here, the
difference between both oxide surfaces is 1.177 eV per unit cell, which
corresponds to 294 meV per molecule.

• For the experimental unit cell of 31.8 Å in combination with flat molecules,
the difference between both isomers decreases to 311 meV per unit cell or
77.8 meV per molecule. N-oxide B is still energetically more favorable.

• Finally, the experimental unit cell in combination with non-planar BTP
molecules again yields a higher difference between isomers of 1.04 eV per
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Figure 8.15: Variation of the Cell constant in the QQN structure. VASP result.

unit cell (260 meV per molecule).

Thus one can conclude that giving up the constraint of planar molecules does
not necessarily improve the results. Using the spatial constraints found in the
experiment decreases the energy difference between both oxide structures. But
it is still not possible to correctly predict from energetics alone which oxide is
formed preferentially.
Unfortunately, all theoretical efforts were not able to find a conclusive explana-
tion for the experimental observations. Questions as to which species is formed
and how their stability can be explained still remain open. All calculations seem
to point at the “wrong” isomer.
Still, one has to keep in mind that the system is quite complex. It is possible
that the initial starting point for the optimization is not favorable. The relax-
ation might end up in a local energy minimum, without ever reaching the global
minimum.
It is also highly possible that sterics alone are not sufficient in order to explain
why only one isomer is formed. Probably the barriers on the surface might help
to explain the discrepancy between experiment and calculation. Unfortunately,
it is not easy to carry out such calculations due to the size and flexibility of the
system. Further experimental input might also help to narrow down different
options and to clarify matters.



Chapter 9

Host-guest systems

Figure 9.1: Relaxed UFF result for the hexagonal 3,3’-BTP surface structure.
Red circle: empty cavity, green circle: phthalocyanine guest molecule, blue
circle: 3,3’-BTP guest molecule.

The hexagonal structure that 3,3’-BTP forms on a graphite surface can be used
for the formation of host-guest systems. In experiments, guest molecules such
as phthalocyanines [28] have been used successfully. But also excess BTP can
adsorb into the cavity as a guest molecule.
Partly, calculations concerning these host-guest systems have already been ad-
dressed in previous work.[82] The main results of these calculations are that
both BTP and phthalocyanine indeed fit into the cavities of the hexagonal net-
work and that the phthalocyanine molecule is able to rotate inside the cavity
at ambient conditions, thus causing a blurred shape in STM images.
Starting from these previous results, the calculations presented in this chapter
have one aim: Being able to control the rotational motion of the phthalocyanine
molecule would be highly desirable. The easiest approach to obtain that control
is a variation of the size of the guest molecule.

This size variation is possible when the phthalocyanine molecule is modified
with more space-consuming peripheral substituents. Different halogens can be
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Figure 9.2: Substitution patterns for the halogen-phthalocyanine derivatives
(X=H, F, Cl, Br). a) Model for the 8X-phthalocyanines and b) model for the
16X-phthalocyanines.

used to slightly increase the size of the molecule (see fig. 9.2). With the halogen-
substituted phthalocyanines, the approach described in ref. [82] was followed
with force fields: The host-guest system was first relaxed, and then the guest
molecule was rotated in a stepwise fashion in order to yield barriers for the
rotational motion (see fig. 9.3).
Table 9.1 shows that this approach works only partly. Moving from hydrogen

over fluorine to chlorine substituents, the barriers increase noticeably. Replac-
ing all outer hydrogen atoms (16X-PcH2) with fluorine, the barrier increases
by 200 to 600 meV, depending on the force field. With chlorine, the increase
compared to the initial phthalocyanine amounts to 200 to 700 meV. For all
force fields apart from Dreiding, a sharp increase of the barrier with increasing
molecule size can be observed. For Dreiding, the 16F-PcH2 and the 16Cl-PcH2

yield rather similar results.
Replacing just half of the outer hydrogens (8X-PcH2) also leads to an increase
of the barriers. For the F-PcH2 calculations, having less substituents slightly
decreases the barriers compared to the fully substituted variation. Surprisingly,
for Cl-PcH2 the behavior is reversed. Here the fully substituted molecules have
slightly lower barriers.
With these new barriers, the rate constant k=k0·exp[-Ea/kBT] can be estimated.

Table 9.1: Barriers for the rotation of phthalocyanine derivatives in the cavities
of the hexagonal 3,3’-BTP surface structure [meV].

Compass UFF CVFF Dreiding
PcH2 350 600 500 480
8F-PcH2 430 870 970 600
16F-PcH2 530 880 1050 680
8Cl-PcH2 940 1350 1330 1390
16Cl-PcH2 870 1130 1200 690
8Br-PcH2 920 1380 1600 890
16Br-PcH2 920 970 1170 990
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Figure 9.3: Energy curve for the rotation of a) phthalocyanine and b) 8Cl-
phthalocyanine within the cavity of the 3,3’-BTP HEX surface structure with
different force fields.

With a rather low guess for the prefactor of k0 = 1010 s−1 and a temperature
of 298 K, a decrease of the rate constant by several orders of magnitude can
be observed. Compass starts with a rate constant of 12000 s−1 for the initial
phthalocyanine. For the 16F-PcH2, the rate constant drops to 11 s−1. It arrives
at 10−5 s−1 for the 16Cl-PcH2 variation. The other force fields show the same
trend, even though absolute numbers differ a lot.
Using bromine as a substituent does not further increase the barrier, as all force
fields apart from CVFF show (see fig. 9.4). This is due to the fact that the
Br-substituted phthalocyanine is too large for the cavity. It distorts and loses
its planarity, in order to avoid steric repulsion with the host system.
Even though the numbers are probably not very accurate, a general trend can
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Figure 9.4: Compass energy curve for the rotation of different halogen-
phthalocyanine derivatives.

be observed from the calculations: Increasing size of the guest molecule increases
the rotational barrier and thus also decreases the rate constant for the rotational
motion of the guest molecule inside the cavity. These results can probably be
confirmed by experiments. The smaller guest molecules should rotate fast, so
that their shape can not be resolved by STM. Instead, blurred images have been
observed. For the larger molecules the rotational motion should slow down con-
siderably, so that the shape of the molecules could possibly be observed in STM
images.
Another approach is the modification of the interaction of the phthalocyanine
molecule with the BTP network. Therefore, nitrogen-substituted variations of
the original phthalocyanine were used. This approach worked rather too well:
The phthalocyanine molecule would not adsorb symmetrically in the middle of
the cavity, but shifted towards one of the BTP molecules. While this position is
of course favorable for optimizing the intermolecular interactions between host
system and guest molecule, it also provides technical problems. A mere rotation
around the center of mass is not enough any more in order to find the rotational
barrier. It leads to parts of the molecules crashing into each other.
Thus, an additional translational motion should also be taken into account, ide-
ally in a nudged elastic band scheme.[123,124,125,126] Unfortunately, this has
not been possible to realize so far. Still, the relaxation result already shows that
nitrogen substitution increases the interaction of the phthalocyanine with the
BTP network.



Chapter 10

Inclusion of solvent effects

Even though some of the experiments are carried out at the solid|liquid inter-
face, the effect of solvation has been neglected in the modeling of the system
so far. Instead, calculations have been reproducing vacuum conditions. This
simple approach has been used successfully before and has become the standard
way of addressing the adsorption of organic molecules on surfaces under all con-
ditions.[127]
Even though that method seems to be too simple, many of the observations and
trends of the BTP system could be reproduced correctly in model calculations
of the solid|vacuum interface.[37] As an example, it is possible to reproduce in
a qualitative fashion the ordering of different BTP surface structures at varying
chemical potential with this vacuum model. However, a satisfactory quantita-
tive agreement could not be obtained.
It remains to be discussed in this chapter whether explicitly including the sol-
vent into the calculations by way of force field molecular dynamics simulations
can improve the quantitative agreement between experiment and calculations.
In order to stay consistent with the force field calculations discussed in previous
chapters, standard force fields were used instead of force fields specialized on
the description of water, such as mentioned in references [128] and [129]. An
advantage of this approach is that the weak and strong points of the force fields
with respect to the system of BTP on graphite are already well-known, so that
only the solvation presents a new factor to the interpretation of the results.[108]

10.1 Solvation energies

The first property to be addressed is the solvation energy of BTP in water
as a reference and in the experimentally used solvent 1,2,4-trichlorobenzene
(TCB).[37] The molecular dynamics simulations were carried out with standard
force fields according to the procedure explained in chapter 3. The time average
over the trajectories yields free energies for the different species. The solvation
energy can then be obtained from a comparison of the free energy of a solvated
molecule to the isolated molecule and the pure solvent.[108] Experimental values
for the solvation energies have not been available so far. But even though there
are no numbers to compare the calculations to, the general behavior should be
reproduced by any well-suited force field. From experiments, it is a well-known
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fact that BTP molecules can be dissolved in TCB, but not in water.[25]
The force field solvation energies shown in fig. 10.1 and table 10.1 show that
the results strongly depend on the force field, a general trend for all of the
force fields can not be distinguished. UFF and Dreiding/QEq claim that it is
more favorable to dissolve BTP in water, which is clearly not supported by the
experimental evidence. While UFF/Gasteiger only shows a small difference of
200 meV between water and TCB as solvents, the QEq calculations with UFF
and Dreiding result in differences of nearly 2 and more than 5 eV, respectively.
QEq charging is clearly not suitable for that kind of calculation. It will not be
used for the subsequent solvation calculations.
On the other hand, the other force fields (Dreiding/Gasteiger, CVFF, Compass)
agree with the experiment in that TCB is the preferred solvent compared to
water. In CVFF the difference between water and TCB amounts to about 3 eV,
and using water still leads to a small energy gain. Dreiding/Gasteiger seems to
be more realistic. Here, the energy difference is 8 eV, and dissolution in water is
not connected to an energy gain. This trend becomes even clearer in Compass.
Here, the energy difference is more than 18 eV and dissolving BTP in water
would cost more than 15 eV.

10.2 Solvation and adsorption

One problem in the adsorption within this model is that the force fields tend
to overestimate the van der Waals interaction between surface and adsorbed
BTP molecule (see chapter 4.2). Still, it should be possible to make qualitative
statements based on force fields, as they are able to correctly predict trends in
the system. In this dissertation, all free energies were obtained from a simple
averaging over the trajectories. In principle, thermodynamic integration as a
more sophisticated method using constraint simulations should be used for the
determination of free energies. Such methods are the free energy perturbation
methods [130], the umbrella sampling schemes [131,132], or the enveloping dis-
tribution sampling (EDS) method [133].
Still, running series of MD simulations would exceed the extent of this disser-
tation. Instead, we assume that both situations depicted in fig. 10.2 require
approximately the same volume. The transition of a BTP molecule from the
solvent onto the surface should have no impact on the volume of the system.

Table 10.1: Solvation (Esolv) and adsorption (Eads) energies of a single 3,3’-BTP
molecule [eV]. Data first published in ref. [108].

Esolv Eads
Water TCB Water TCB Vacuum

Compass 17.35 -1.41 -1.41 0.072 -4.03
CVFF -0.068 -2.79 -3.57 -0.052 -7.31
UFF, Gasteiger -2.46 -2.23 -4.27 0.14 -4.56
Dreiding, Gasteiger 6.11 -1.93 -2.70 -0.14 -3.94
UFF, QEq -4.41 -2.63
Dreiding, QEq -5.40 -0.016
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Figure 10.1: Force field molecular dynamics result for the free energy of solvation
Esolv of a 3,3’-BTP molecule in water and TCB.[108]

Figure 10.2: Structural models used to derive the free energy of adsorption of a
dissolved molecule: a) dissolved molecule above the substrate|solvent interface
and b) molecule adsorbed at the substrate|solvent interface.

Thus we can express the free energy of adsorption ∆Efreeads as the difference of
the free energies of a dissolved molecule at a considerable distance to the surface
and of the adsorbed molecule at the solid|liquid interface (fig. 10.2 a) and b),
respectively).
And in order to be consistent throughout this set of calculations concerning the
solvated system, the solvation energies of BTP molecules and smaller aromatics
presented in chapters 10.1 and 4.4 have been calculated according to the same
scheme: The solvation energy Esolv is obtained as the difference of free energies
for the solvated molecule Efreemol−solvent and for the isolated molecule Efreemol and
pure solvent phase Efreesolvent according to

Esolv = Efreemol−solvent − (Efreesolvent + Efreemol ) . (10.1)
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This procedure again does not explicitly take into account the change in vol-
ume upon dissolution of the organic molecule. However, if the number of water
molecules is large enough, this volume change becomes smaller than the natural
fluctuations in the volume throughout the trajectory. When a benzene molecule
is added to a system consisting of 300 water molecules, the volume changes by
6%, whereas the standard deviation amounts to 8% of the average volume for
the benzene-water solvated system. With a further increase of the system size to
600 water molecules, the volume change amounts to less than 3%. Using more
than 1200 water molecules brings about only small changes: For system sizes
between 1200 and 2100 atoms, the volume change stays close to 1%, similar to
the standard deviation.
Thus for the solvation of BTP in both water and TCB, rather large system sizes
were used: 395 to 400 water molecules and 106 to 143 TCB molecules per BTP
unit should ensure a cell that is large enough in order to minimize the effects
due to the volume change in the system.
So far, tests have shown that the parameters chosen seem to be reasonable for
the system in question so that it is now possible to move on to the analysis of
the results gained from the trajectories.
The adsorption energy of a BTP molecule can be addressed under varied circum-
stances. The adsorption under vacuum conditions has already been discussed
(see section 6.1) and is repeated here for the sake of completeness. Using TCB
as a realistic and water as a hypothetic solvent remains to be considered now.
Table 10.1 and fig. 10.3 show the results obtained for these different cases.
As mentioned above, force fields tend to overestimate the adsorption energies, so
the results rather should be analyzed in a qualitative way. For the free adsorp-
tion energies, the free energy of a solvated and adsorbed molecule is compared
to that of a dissolved molecule at a certain distance to the surface (see fig. 10.2
for structural details).
The results again show a strong variation of the energy values with the force
field. However, it is surprising that all force fields arrive at the same general
trend. The adsorption in water leads to a high gain in adsorption energy, in
some cases comparable to the adsorption under vacuum conditions. With UFF,
about 90 % of the vacuum energy is obtained, with Compass nearly 70 %. With
35 and 49 %, the ratio for Compass and CVFF, respectively, is much smaller.
Compared to water as a solvent, adsorption in TCB is nearly a thermo-neutral
process. The adsorption energy for a BTP molecule dissolved in TCB varies
between -142 meV (Dreiding) and 137 meV (UFF).
These observations can be explained easily: The van der Waals interaction be-
tween BTP molecule and the graphite surface is fairly strong, as the vacuum
results prove. The molecule also interacts strongly with TCB, which is why
it is soluble in that solvent. Obviously, the energy that is gained by van der
Waals interaction with the surface is balanced out by the loss of interaction
with the solvent during the adsorption process. On the other hand, BTP does
not interact strongly with water. In reality, the molecule can not be dissolved.
Thus in the adsorption of a molecule in water, the van der Waals interaction
with the surface is gained, but this gain is considerably higher than the loss of
the weak interaction with water. In total, this means that energy is gained in
that hypothetical process.
The adsorption of a 3,3’-BTP molecule out of TCB is energetically nearly a
neutral process. As a consequence, the formation of periodic surface structures
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Figure 10.3: Adsorption energy of a 3,3’-BTP molecule on graphite: under vac-
uum conditions and at the solid|liquid interface from water or TCB, respectively.
Experimental value from ref. [111]. Data first published in ref. [108].

on the solvated surface has to be attributed nearly exclusively to the formation
of intermolecular hydrogen bonds and to the fact that the surface acts as a
template where the molecules will be able to arrange in a way that allows the
formation of this bonds. Contrary to the adsorption under vacuum conditions,
the substrate-adsorbate interaction only plays a minor role in a solvated system.
It remains to be seen how this observation might change the understanding of
the system that we have gained so far.

10.3 Influence of adsorption on the surface struc-
tures

The adsorption of BTP on graphite leads to the formation of different ordered
surface structures that have already been discussed in chapter 7, albeit without
considering any solvation effect. This shall be taken into account in the following
section.
As we have seen, the adsorption energy changes drastically when the TCB
solvent is taken into account. If this new adsorption energy is used in the phase
stability plots presented in chapter 7, it also has a noticeable effect.
For this plot of the free adsorption energy versus the chemical potential (see
fig. 10.4), the gas-phase adsorption energies used before are replaced by the
BTP adsorption energy at the TCB|graphite interface. The other parameters
concerned in that analysis remain unchanged. In the following, this approach
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Figure 10.4: Plot of the free adsorption energy of different 3,3’-BTP phases
against the chemical potential. Compass results including the explicit solvation
model for the adsorption of a single molecule.

will be called ’incomplete solvation model’.
This results in the experimentally observed ordering of the different phases: DP
is most stable at high concentrations, followed by LIN1 and LIN2. The hexag-
onal HEX phase is stable at low concentrations. Apart from that qualitative
agreement with the experiment, the result also improves quantitatively: The
decreased adsorption energies shift the phase transitions to higher chemical po-
tentials. This agrees better with the semiempirical results presented in ref. [37]
than the vacuum calculation.
However, combining single-molecule adsorption energies with gas-phase inter-
action energies is not realistic, as the effect of solvation is treated only incom-
pletely. One major problem remains within this approach: The range of stability
for LIN2 is so small that it should be barely possible to observe this structure
at all.

In a final step, the effect of the solvation is completely taken into account: MD
runs of the full surface structures (BTP molecules and graphite surface) with
TCB solvation are carried out. In order to increase the computational efficiency,
the graphite surface was treated with a 3-layer slab in this full solvation model.
For the DP phase, the time step had to be decreased from 1 fs to 0.8 fs, but
still the MD run covered 150 ps with 50 ps equilibration time. Comparable to
the single molecule approach, for each phase one trajectory covered the case of
adsorbed molecules and one trajectory described dissolved molecules.
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The results for this model can be found in table 10.2 and in fig. 10.5. In the
incomplete solvation model, single molecule adsorption energies are combined
with the intermolecular interactions of relaxed adsorbate layers. This leads to
only very small differences of less than 40 meV in the adsorption energies for the
different surface structures. Please note that here adsorption energy means the
combination of substrate-adsorbate interaction and intermolecular interaction.

On the other hand, the full solvation model agrees better with the vacuum re-
sult: Here, the adsorption energies vary more clearly in a range of more than 0.5
eV. With the exception of the HEX phase, the adsorption energy also becomes
stronger with decreasing packing densities of the surface structures, which also
agrees with the vacuum result. In the HEX phase, most probably the BTP
molecules showed some interactions in the trajectory representing the dissolved
case, thus diminishing the difference to the trajectory of the adsorbed system.
Furthermore, the adsorption energies in the full solvation model range from
about 200 meV to -340 meV, which agrees with the single molecule adsorption
result. Taking into account the intermolecular interactions under adsorption
conditions still changes the adsorption only little from being almost thermoneu-
tral. Compared to the adsorption of an isolated molecule, taking into account
the hydrogen bonds only has an effect of several 100 meV.
As a consequence of all of these observations it is possible to assume that only
the substrate-adsorbate interactions are influenced by the solvation. The inter-
molecular interactions seem to be less affected. In retrospective, this also gives
some justification to the imcomplete solvation model.

The gaphical analysis of the ordering of the different BTP phases with the
chemical potential in fig 10.5 then shows the expected ordering and confirms
the semiempirical results. Due to the broader scattering of adsorption ener-
gies, the full adsorption model now spans a broader range of chemical potential
values. Comparable to the semiquantitative results presented in fig. 7.9, the
transition between the LIN2 and the LIN1 phase occurs at a slightly positive
chemical potential. With the full solvation model, the transition from LIN1 to
DP is shifted to a higher chemical potential than in the semiquantitative bench-
mark. On the other hand, the chemical potential for the HEX|LIN 2 transition
is noticeably too low. Most probably, two problems show their effects here:

• Compass underestimates the intermolecular hydrogen bonds. Thus a unit
cell relaxed with Compass is larger than the experimental cell. Using the
experimental lattice constants results in an adsorbate layer that can not
fully relax. This mostly affects the cells with higher packing densities,
such as the DP phase. Here, this will lead to distortions of the molecules

Table 10.2: Adsorption energy of 3,3’-BTP in different surface structures [eV],
contains both the substrate-adsorbate interaction and the intermolecular inter-
action per molecule in the BTP layer.[108]

DP LIN1 LIN2 HEX
Vacuum conditions -4.029 -4.173 -4.475 -4.491
Incomplete solvation (fig. 10.4) -0.527 -0.527 -0.526 -0.491
Full solvation (fig. 10.5) 0.203 -0.0775 -0.339 -0.0564
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Figure 10.5: Plot of the free adsorption energy of different 3,3’-BTP phases
against the chemical potential. Compass results including the explicit solvation
model of the full cell.[108]

and thus to weaker adsorption.

• As already mentioned, the adsorption in the HEX phase of the full solva-
tion model is not strong enough, most probably due to unwanted interac-
tions between the dissolved BTP molecules.

Both factors manage to change the adsorption energies of the BTP molecules
and thus shift the transition regions between the different phases. Even though
the quantitative agreement still is far from perfect, using the full solvation model
could improve the description of the system and help to understand the system
even better.

10.4 Conclusion

Even though only a crude model is used for the effect of solvation, it has notice-
able effects on the structure formation. Adsorption energies change drastically
under solvation, also influencing the structure formation. However, the inter-
molecular interactions between the molecules are seemingly not affected. The
solvation mainly has an effect on the substrate-adsorbate interaction.
It is interesting to note that under vacuum conditions, the BTP surface struc-
ture formation is mainly determined by the substrate-adsorbate interactions.
The van der Waals adsorption energy of a BTP molecule on the surface greatly
exceeds the intermolecular hydrogen bonds.
On the other hand, the intermolecular interactions become predominant in a sol-
vated system. The substrate-adsorbate interaction is comparable to the solvent-
adsorbate interaction, so that there is hardly any energy gain upon adsorption
of a single solvated molecule. As a consequence, the hydrogen bonds between
the BTP molecules will dominate the ordered adsorption process. In this model,
the surface acts as a kind of template: Only on the surface the molecules will
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arrange in a way that enables the hydrogen bond formation.
However, a quantitative analysis of the force field results will always lack in
accuracy, due to an inaccurate description of the intermolecular interactions.
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Conclusions

This dissertation could show that studying the BTP adsorption on different
substrates with theoretical methods can serve two purposes:

• Calculations can help to understand and explain the formation and mo-
dification of ordered structures at different surfaces.

• From a theoretical point of view, the BTP/graphite system can show the
strong points and also the limitations of different force field and density
functional theory methods.

It has been shown that the most significant ingredient to a meaningful simula-
tion of such a complex system is the accurate description of the interactions that
occur. Both the van der Waals interaction between BTP molecule and surface
and the intermolecular hydrogen bonds between the adsorbed BTP molecules
need to be taken into account here.
Comparison of different adsorption conditions can also help to get a deeper in-
sight into that aspect: The structure formation was studied on a flat graphite
surface under vacuum conditions and with a solvent, as well as on a buckled
graphene adlayer on ruthenium. The observations made for these systems all
point at one conclusion: The surface-adsorbate interaction is of importance for
the flat arrangement of molecules, in vacuum even more than in a solvent. But
as long as the surface is flat with no considerable differences between adsorp-
tion sites, the structure formation is mainly governed by the hydrogen bonds
between the molecules.
The knowledge gained from these considerations could then be used to de-
scribe the system in more detail. The stability of different 3,3’-BTP polymorphs
changes with the chemical potential. It could be shown that the packing density
of the BTP molecules also increases with increasing chemical potential. Here,
the experimental ordering of the phases could be correctly reproduced by cal-
culations.
It was also possible to show first steps toward possible future applications: The
hexagonal 3,3’-BTP surface can form host-guest structures and can thus be
used as a template for the ordered adsorption of other species. In a different
approach, the 2,4’-BTP QQN network was modified by chemical reaction with
oxygen. Calculations could show that most probably N-oxide species are formed
in the adsorbate layer.
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The inclusion of solvent effects again stresses that the hydrogen bonds are a key
factor to surface structure formation. Force field molecular dynamics simula-
tions could show that with the experimentally used solvent TCB, the adsorption
of a BTP molecule is nearly neutral in terms of adsorption energy. This is due to
changes in the interaction energy between graphite surface and adsorbed BTP
molecule compared to adsorption under vacuum conditions.
However, all of the calculations are limited by the conflicting needs of the sys-
tem. The size of the molecules and surface structures makes high-level quantum
chemical calculations nearly impossible. Yet, an accurate description of the dif-
ferent interaction types that occur in the system is absolutely necessary in order
to obtain meaningful results.
With the combination of force field and (dispersion-corrected) DFT calculations,
it was hopefully possible to describe the system both efficiently and accurately,
even though at many points a better description of the system would still be
desirable and would most probably be highly instructive.
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Appendix

Table 12.1: DP phase: Compass adsorption energy per molecule Eads[eV], in-
termolecular interactions Eint [eV], lattice constants a and b [nm], area of the
unit cell A [nm2] and adsorption energy per area Eads/A [meV/nm2].

Eads Eint a b A Eads/A
7 × 6 -4.029 -0.592 1.693 2.514 4.257 -946
7 × 7 -4.255 -0.341 1.693 2.933 4.966 -857
8 × 5 32.017 17.5 1.935 2.095 4.054 7898
8 × 6 -4.239 -0.474 1.935 2.513 4.863 -872
8 × 7 -4.285 -0.339 1.935 2.933 5.676 -755
9 × 5 32.907 17.9 2.177 2.095 4.561 7215
9 × 6 -4.430 -0.424 2.177 2.514 5.473 -809
9 × 7 -4.273 -0.326 2.177 2.933 6.385 -669
10 × 4 -3.798 -0.627 2.419 1.676 4.054 -937
10 × 5 -4.364 -0.457 2.419 2.095 5.068 -861
10 × 6 -4.335 -0.402 2.419 2.514 6.081 -713
10 × 6 -4.412 -0.405 2.419 2.514 6.081 -726
10 × 7 -4.271 -0.325 2.419 2.933 7.095 -602
11 × 4 -4.447 -0.584 2.661 1.676 4.459 -997
11 × 5 -4.468 -0.432 2.661 2.095 5.574 -802
11 × 6 -4.451 -0.414 2.661 2.514 6.689 -665
12 × 4 -4.284 -0.451 2.903 1.676 4.865 -881
12 × 5 -4.313 -0.345 2.903 2.095 6.081 -709
12 × 6 -4.309 -0.341 2.903 2.514 7.297 -591
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Table 12.2: LIN1 phase: Compass adsorption energy per molecule Eads[eV],
intermolecular interactions Eint [eV], lattice constants a and b [nm], angle φ [◦],
area of the unit cell A [nm2] and adsorption energy per area Eads/A [meV/nm2].

Eads Eint a b φ A Eads/A

LIN1-1
(

0 6
14 10

)
-3.931 -0.530 1.451 3.021 76.10 4.257 -923

LIN1-2
(

0 6
15 11

)
-4.173 -0.497 1.451 3.254 74.92 4.561 -915

LIN1-3
(

0 7
13 9

)
-4.109 -0.527 1.693 2.790 77.48 4.611 -891

LIN1-4
(

0 12
8 5

)
-4.210 -0.418 1.693 2.903 81.79 4.865 -865

LIN1-5
(

0 7
14 10

)
-4.404 -0.443 1.693 3.021 76.10 4.966 -887

LIN1-6
(

0 7
15 11

)
-4.436 -0.368 1.693 3.254 74.92 5.321 -834

LIN1-7
(

1 8
13 9

)
-4.142 -0.509 1.826 2.790 70.89 4.184 -990

LIN1-8
(

1 8
14 10

)
-4.396 -0.486 1.826 3.021 69.52 5.169 -850

LIN1-9
(

1 8
15 11

)
-4.356 -0.354 1.826 3.254 68.33 5.524 -789

LIN1-10
(

0 13
9 6

)
-4.178 -0.416 1.920 3.145 79.11 5.929 -705

LIN1-11
(

0 8
13 9

)
-4.190 -0.412 1.935 2.790 77.48 5.270 -795

LIN1-12
(

0 8
14 10

)
-4.468 -0.429 1.935 3.021 76.10 5.676 -787

LIN1-13
(

0 8
15 11

)
-4.376 -0.351 1.935 3.254 74.92 6.081 -720
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Table 12.3: LIN2 phase: Compass adsorption energy per molecule Eads[eV],
intermolecular interactions Eint [eV], lattice constants a and b [nm], angle φ [◦],
area of the unit cell A [nm2] and adsorption energy per area Eads/A [meV/nm2].

Eads Eint a b φ A Eads/A

LIN2-1
(

13 4
1 7

)
-4.273 -0.592 2.790 1.586 85.07 4.409 -969

LIN2-2
(

13 4
1 8

)
-4.234 -0.428 2.790 1.826 84.07 5.068 -835

LIN2-3
(

13 4
1 9

)
-4.411 -0.411 2.790 2.067 83.30 5.726 -770

LIN2-4
(

13 3
1 7

)
-4.074 -0.347 2.852 1.586 80.32 4.460 -913

LIN2-5
(

13 3
1 8

)
-4.284 -0.421 2.852 1.826 79.32 5.118 -837

LIN2-6
(

13 3
1 9

)
-4.287 -0.376 2.852 2.067 78.55 5.777 -742

LIN2-7
(

14 4
1 7

)
-4.233 -0.513 3.021 1.586 83.69 4.763 -889

LIN2-8
(

14 4
1 8

)
-4.475 -0.425 3.021 1.826 82.69 5.476 -817

LIN2-9
(

14 4
1 9

)
-4.451 -0.416 3.021 2.067 81.92 6.183 -720

LIN2-10
(

15 4
1 7

)
-4.120 -0.283 3.254 1.586 82.21 5.118 -805

LIN2-11
(

15 4
1 8

)
-4.391 -0.353 3.254 1.826 81.51 5.878 -747

LIN2-12
(

15 4
1 9

)
-4.367 -0.347 3.254 2.067 80.74 6.639 -658
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[18] Freund, J.; Edelwirth, M.; Kröbel, P.; Heckl, W. M. Phys. Rev. B 1997,
55, 5394.

[19] Edelwirth, M.; Freund, J. E.; Sowerby, S. J.; Heckl, W. M. Surf. Sci.
1998, 417, 201.

[20] Barth, J. V.; Weckesser, J.; Cai, C.; Günter, P.; Bürgi, L.; Jeandupeux,
O.; Kern, K. Angew. Chem. 2000, 112, 1285.

[21] Kim, K.; Plass, K. E.; Matzger, A. J. Langmuir 2005, 21, 647–655.
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