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Abstract

Hybrid structures of organic molecules and inorganic semiconductors (HIOS) combine favor-
able properties of each material into conjugates with great application potential. The organic
parts offer a vast diversity in terms of chemistry and structure, where chemical composition
and by association the structure are relatively easy to manipulate.

By changing the structure, the optoelectronic properties of the organic parts can be fine-
tuned in many subtle ways. Combined with the influence of inorganic parts, such as sub-
strates onto which organic molecules are deposited as thin films, HIOS are devices with
well-tailored properties that cannot be realized with either material class alone.

The optoelectronic properties of hybrid materials depend on the structure of individual
molecules and their alignment relative to the inorganic surface. Consequently, molecular
structure and alignment depend on the molecule-molecule and molecule-surface interactions,
that are governing molecular attachment to the surface and surface diffusion during the
deposition. Due to the close structure-property relationship in HIOS devices, it remains
an interesting scientific challenge to predict the optoelectronic properties of HIOS based on
studying the intricacies of early stages of thin film growth and interface formation.

The aim of this thesis is to investigate the effect of entropy in surface diffusion of polyphenyl
molecules of various length on an amorphous silicon dioxide, a-SiO2, surface. Second im-
portant objective of this work is to investigate the influence of chemical tuning, introduced
by partial fluorination, of the widely used organic para-sexiphenyl molecule (p-6P), first, on
the self-diffusion on an inorganic zinc oxide (ZnO) surface, and second, on the self-assembly
and growth on the amorphous silicon dioxide (a-SiO2) surface. For this we employ all-atom
molecular dynamics and Langevin dynamics simulations, combined with classical diffusion
theory.

In respect to the first aim, we quantify entropic contributions to the free energy barrier
of surface diffusion for short oligophenyls of varying length and demonstrate that entropy
becomes even the dominant part of the free energy for longer molecules with complicated
internal degrees of freedom. For the second aim, we demonstrate that the increase in the
number of fluorinated groups inside of the p-6P decreases the diffusivity in the non polar
direction of the ZnO surface but increases the diffusivity in the polar direction. An electro-
static mismatch between the fluorinated molecules and the surface leads to overall weaker
binding of the more fluorinated molecules and facilitates the diffusion in the polar direc-
tion of the surface and the rotation on the surface plane. Thirdly, we study the influence
of fluorination on nucleation and growth on a-SiO2. For this, we use a simulation model
that mimics experimental deposition from the vapor and self-assembly onto the underlying
surface. Within the used model, we reproduce the structures with correct room-temperature
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unit-cell parameters and demonstrate that the increase in the number of fluorinated groups
inside of the p-6P leads to a smoother, layer-by-layer growth on a-SiO2 surface.

Conclusively, this work can stimulate ideas and pave the way for future simulations of
nucleation and growth of small organic molecules with high tuning potential, on inorganic
surfaces. The simulation approaches developed here can be applied to other hybrid sys-
tems and can hopefully be combined with relevant experimental findings to realize efficient
optoelectronic structures.
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Zusammenfassung

Hybride Materialien aus organischen Molekülen und anorganischen Halbleitern (HIOS)
vereinen die besten Eigenschaften beider Materialklassen in konjugierten Materialien mit
einem großen Potential für neuartige Anwendungen. Die organischen Bestandteile sind dabei
sehr vielfältig im Bezug auf ihre chemische Zusammensetzung und Struktur, welche relativ
leicht modifiziert werden können.

Durch Änderungen der molekularen Struktur können die optoelektronischen Eigenschaften
der organischen Moleküle auf viele subtile Weisen beeinflusst werden. Im Zusammenspiel
mit anorganischen Materialien wie z.B. Substraten, auf welche die organischen Moleküle in
dünnen Schichten aufgetragen werden, können HIOS mit maßgeschneiderten Eigenschaften
hergestellt werden, die nicht mit den individuellen Materialien alleine möglich wären.

Die optoelektronischen Eigenschaften von Hybridmaterialien sind von der Struktur der
individuellen Moleküle und von deren Ausrichtung relativ zur anorganischen Oberfläche ab-
hängig. Struktur und Ausrichtung hängen ihrerseits von den Molekül-Molekül und Molekül-
Substrat Wechselwirkungen ab, welche die Bindung der Moleküle zur Oberfläche und die
Diffusion während der Deposition bestimmen. Aufgrund der engen Struktur-Eigenschaft Be-
ziehung in HIOS, ist die Vorhersage der optoelektronischen Eigenschaften von HIOS eine
spannende Wissenschaftliche Fragestellung, für die man die Feinheiten der frühen Stadien
des Dünnschichtwachstums und der Grenzflächenentstehung verstehen muss.

Das erste Ziel dieser Arbeit ist daher, den Einfluss der Konfigurationsentropie auf die Diffu-
sion von Polyphenyl Molekülen verschiedener Länge auf der amorphen a-SiO2 Oberfläche zu
verstehen. Zweitens untersuchen wir den Einfluss chemischer Modifikationen realisiert durch
partielle Fluorierung des weit verbreiteten organischen Moleküls para-Sexiphenyl (p-6P) auf
die Selbstdiffusion auf der anorganischen Zinkoxid (ZnO)

\bigl( 
1010

\bigr) 
Oberfläche sowie, drittens,

auf die Selbstanordnung und das Dünnschichtwachstum auf der amorphen Siliciumdioxid
(a-SiO2) Oberfläche. Hierfür verwenden wir klassische atomistische Molekulardynamik und
Langevin-Dynamik Simulationen in Kombination mit klassischer Diffusionstheorie.

Für unser erstes Ziel berechnen wir die entropischen Beiträge zur freien-Energie Barriere
für die Diffusion der Polyphenyle unterschiedlicher Länge und zeigen, dass die Entropie
für längere Moleküle mit vielen inneren Freiheitsgraden sogar zum dominierenden Beitrag
in der freien Energie wird. Bezüglich des zweiten Ziels stellen wir fest, dass die Zunahme
der Anzahl fluorierter Gruppen im p-6P die Diffusivität des Moleküls in der nicht-polaren
Richtung auf der ZnO Oberfläche verringert, jedoch in der polaren Richtung erhöht. Eine
elektrostatische Fehlanpassung zwischen den fluorierten Molekülen und der Oberfläche führt
zu einer insgesamt schwächeren Bindung der stärker fluorierten Moleküle und erleichtert
dadurch die Diffusion in der polaren Richtung der Oberfläche sowie die Rotation der Moleküle
auf der Oberflächenebene. Drittens untersuchen wir den Einfluss der Fluorierung auf die
Nukleation der Moleküle und das Dünnschichtwachstum auf der a-SiO2 Oberfläche. Hierfür
benutzen wir ein Simulationsmodell, das die experimentelle Deposition aus der Gasphase
und die Selbstanordnung auf dem Substrat nachahmt. Mit diesem Modell reproduzieren wir
Dünnschichtstrukturen mit den korrekten Raumtemperatur-Einheitszellen und zeigen, dass
eine Zunahme der Anzahl fluorierter Gruppen im p-6P zu einem gleichmäßigeren Schicht-
für-Schicht Wachstum auf a-SiO2 führt.
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Zusammenfassend kann diese Arbeit neue Ideen anregen und ebnet den Weg für zukünf-
tige Simulationen von Nukleation und Wachstum kleiner organischer Moleküle mit hohem
Tuning-Potential auf anorganischen Oberflächen. Die hier entwickelten Simulationsstrategien
können auf andere Hybridsysteme angewendet und hoffentlich mit experimentellen Ergeb-
nissen kombiniert werden, um effizientere optoelektronische Strukturen herzustellen.

vi



Contents

List of publications i

Abstract iii

Zusammenfassung v

Contents vii

1 Introduction 1

1.1 Inorganic and organic semiconductors . . . . . . . . . . . . . . . . . . . . . . 1

1.1.1 Inorganic semiconductors . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1.2 Organic semiconductors . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.1.3 Hybrid inorganic/organic semiconductors . . . . . . . . . . . . . . . . 5

1.1.4 The investigated materials . . . . . . . . . . . . . . . . . . . . . . . . 8

1.2 Aims of this thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

1.2.1 Entropic barriers in COM diffusion on inorganic surfaces . . . . . . . 12

1.2.2 Influence of COM polarity on diffusion on the ZnO . . . . . . . . . . 13

1.2.3 Influence of polarity on nucleation and growth . . . . . . . . . . . . . 14

1.3 Thesis outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2 Models and methods 17

2.1 The physical properties of the investigated systems . . . . . . . . . . . . . . 17

2.1.1 Physical properties of single molecules . . . . . . . . . . . . . . . . . 17

2.1.2 The p-6P bulk crystal structure . . . . . . . . . . . . . . . . . . . . . 18

2.1.3 The amorphous a-SiO2 surface . . . . . . . . . . . . . . . . . . . . . . 19

2.1.4 The ZnO
\bigl( 
1010

\bigr) 
surface . . . . . . . . . . . . . . . . . . . . . . . . . 21

vii



Contents

2.2 Molecular dynamics and stochastic dynamics computer simulations . . . . . 22

2.2.1 Equations of motion . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.2.2 The leapfrog integrator . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.2.3 Advanced simulation techniques . . . . . . . . . . . . . . . . . . . . . 25

2.3 Model specifics of p-6P, a-SiO2 and ZnO and force fields . . . . . . . . . . . 28

2.3.1 The p-6P molecule model . . . . . . . . . . . . . . . . . . . . . . . . 28

2.3.2 The ZnO
\bigl( 
1010

\bigr) 
surface . . . . . . . . . . . . . . . . . . . . . . . . . 29

2.3.3 The a-SiO2 surface . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

2.3.4 Organic thin film growth models . . . . . . . . . . . . . . . . . . . . . 31

2.4 Derivation of free energy landscapes . . . . . . . . . . . . . . . . . . . . . . . 32

2.4.1 Unconstrained simulations . . . . . . . . . . . . . . . . . . . . . . . . 33

2.4.2 Constrained simulations . . . . . . . . . . . . . . . . . . . . . . . . . 34

2.4.3 Calculation of potential energies and entropies from free energy differ-

ences . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

2.4.4 The surface binding energy . . . . . . . . . . . . . . . . . . . . . . . . 36

2.5 Single-particle diffusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

2.5.1 Mean square displacement and the Einstein relation . . . . . . . . . . 37

2.5.2 Calculation of the entropic barriers in surface diffusion . . . . . . . . 39

2.5.3 Estimation of the diffusion attempt frequencies . . . . . . . . . . . . 40

2.5.4 Estimation of the average diffusion jump length . . . . . . . . . . . . 41

2.5.5 Additional note on the diffusion coefficients in SD simulations . . . . 42

3 Quantifying entropic barriers in single-molecule surface diffusion 43

3.1 Simulation details . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

3.2 Binding free energy to the surface . . . . . . . . . . . . . . . . . . . . . . . . 44

3.3 Translational diffusion on the surface . . . . . . . . . . . . . . . . . . . . . . 47

3.3.1 Long-time diffusion coefficients and energy barriers . . . . . . . . . . 48

3.3.2 Estimation of the attempt frequency . . . . . . . . . . . . . . . . . . 49

3.4 Calculation of the entropic contribution to the free energy of diffusion . . . . 53

3.5 Rotational diffusion on the surface . . . . . . . . . . . . . . . . . . . . . . . 55

3.6 Results on a non-vibrating surface . . . . . . . . . . . . . . . . . . . . . . . . 57

viii



Contents

3.7 Summary and concluding remarks . . . . . . . . . . . . . . . . . . . . . . . . 58

4 Impact of Polarity on the Anisotropic Diffusion of Conjugated Organic

Molecules on the
\bigl( 
1010

\bigr) 
Zinc Oxide Surface 61

4.1 Simulation details . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

4.2 Single molecule properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

4.3 Reaction coordinates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

4.3.1 Binding to the surface . . . . . . . . . . . . . . . . . . . . . . . . . . 66

4.4 Translational diffusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

4.5 Free energy landscapes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

4.6 Angular motion and rotational diffusion on the surface . . . . . . . . . . . . 75

4.7 Summary and concluding remarks . . . . . . . . . . . . . . . . . . . . . . . . 78

5 Influence of molecular polarity on the surface growth of conjugated or-

ganic molecules 81

5.1 Simulation details . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

5.2 Formation of the first monolayer . . . . . . . . . . . . . . . . . . . . . . . . . 82

5.3 Structural properties of the 1ML . . . . . . . . . . . . . . . . . . . . . . . . 85

5.4 Formation of the second monolayer . . . . . . . . . . . . . . . . . . . . . . . 86

5.5 Structural properties of the 2ML . . . . . . . . . . . . . . . . . . . . . . . . 89

5.6 Interface layers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

5.7 Single molecule surface diffusion . . . . . . . . . . . . . . . . . . . . . . . . . 92

5.8 Surface binding energy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

5.9 Step-edge barrier discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

5.10 Influence of the deposition rate on growth dynamics . . . . . . . . . . . . . . 98

5.11 Summary and concluding remarks . . . . . . . . . . . . . . . . . . . . . . . . 100

6 Summary of the thesis and outlook 101

6.1 Summary of the thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

6.2 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

List of tables 109

ix



Contents

List of figures 113

List of abbreviations 121

Bibliography 125

Acknowledgements 143

x



Introduction

Inorganic and organic semiconductors

In the last several decades devices based on semiconductors have been fabricated, which

changed our lives in a revolutionary way. Since then, semiconductors have become integral

parts of computers, mobile phones, transistors, solar cells and other devices that are indis-

pensable parts of today’s modern world. The world of semiconductors can be divided into

two categories, semiconductors composed of inorganic components and semiconductors com-

posed of organic molecules. Since the invention of the first transistor in 1947 by Bardeen et

al. [1], followed by the invention of the first solar cell in 1954 by Chapin et al. [2], to this day

inorganic semiconductors have been used in most optoelectronic devices. However, an in-

tense research activity directed towards increasing the device efficiency while decreasing the

production cost, over time has pushed inorganic semiconductors to their limits. A need for

further optimization has led to consideration of new interesting alternatives for optoelectronic

applications. With the discovery of conducting polymers by Shirakawa et al. in 1977, over

the years organic molecules started gradually replacing the inorganic components of semi-

conductor devices. Further research activity, besides highlighting advantages, also indicated

individual limitations of two material classes, when considered alone. Due to this reason,

a lot of resources have been put into research and development of promising alternatives

composed of inorganic/organic (IO) heterostructures, that combine the favorable properties

of each material class and compensate for their individual limitations. Specific advantages

and deficits of inorganic, organic and inorganic/organic semiconductors are discussed in the

following sections.

Inorganic semiconductors

Conventional types of electronic devices mostly require inorganic semiconductors that are

monocrystalline materials, composed of periodic assemblies of atoms connected with covalent

bonds in the crystal lattice. Strong covalent bonding between atoms results in a delocal-
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1.1. Inorganic and organic semiconductors

Figure 1.1: Specific advantages and deficits of inorganic and organic semiconductors.

ization of electronic states that facilitates charge transfer. Charge transfer can be induced

either by thermal or electronical excitation in the material, where excitons (i.e. electron-

hole pairs) can be created, which act as charge carriers propagating through the crystal.

The high level of crystalline ordering enables high mobility of charge carriers, which can be

easily scattered by defects and impurities in the material. Inorganic structures are tradi-

tionally manufactured from material evaporation, followed by the deposition and assembly

of atoms into highly ordered structures on the substrate [3] or from nucleation in a melt (as

in the Czochralski process for Si crystals). In order to create excitons in the material, the

thermal or electronic excitation energy has to be higher than a material-specific energy gap.

The width of the energy gap is an important parameter for the applications associated with

the absorption and emission of light. Additionally, the energy gap and further the charge

mobility can be modified and facilitated either by targeted doping or by the combination of

two or more different elements in the structure, as for example, combining zinc and oxygen

into zinc-oxide. Doping of inorganic structures is in general a challenging task. However,

doped metal oxides are inorganic semiconductors well suited for applications in photovoltaic

cells (PVCs), for instance. Even though inorganic semiconductors have been both theoret-

ically and experimentally studied on all length scales over the past decades [4, 5, 6, 7], the

limitations in materials choices and effective fabrication strategies reduce the possibilities of

combining inorganic semiconductors into functional devices [8, 9].

2



Chapter 1. Introduction

(a)
Fullerene

(b)
PTCDA

(c)
\alpha -Sexithiophene

(d)
C120H120O6

Figure 1.2: Examples of conjugated organic molecules (COMs) with increasing number of internal degrees
of freedom, starting from (a) to (d).

Organic semiconductors

Organic semiconductors are regarded as promising alternative to the conventional inorganic

semiconductors for optoelectronic applications. The most significant feature of organic

molecules is their virtually infinite chemical flexibility. There exist many ways to change

their structure, from adding atoms or functional groups, converting carbon single bonds into

double bonds, to shortening or expanding the chains. All mentioned structural modifications

may have an effect on the functionality of the material, from influencing charge carrier mo-

bility to changing material optical properties. In comparison to inorganic semiconductors,

where tuning is mostly limited to doping, there are many more possibilities for altering the

structure of organics, while targeting their specific use.

As a result, there exists a huge variety of organic molecules, with different chemical and

physical properties. They are commonly divided into two respective classes based on their

structural properties: polymers, such as P3HT, and small molecules, including representa-

tives such as pentacene, perylene or polyphenyls. In this thesis, the main focus will be on

3



1.1. Inorganic and organic semiconductors

studying the constituents of the latter group.

Organic semiconductors can be prepared by depositing molecules onto substrates, either

from the gas-phase, from solution or by ink-jet printing. The functionality of semiconductors

is directly related to molecular assembly and alignment in the crystal phase. In turn, the

alignment influences charge carrier mobility through the crystal, which ultimately determines

semiconducting properties of the organic structure. It is necessary for molecular orbitals to

overlap in order to facilitate the diffusion of charge carriers from one molecule to the other.

Among various organic structures, it has been shown that COMs have higher electrical

conductivities compared to other organic components. The reason for this is that in COMs,

most carbon atoms have three neighbours, so the four electrons of a carbon atom form three

degenerate sp2 orbitals positioned parallel to the molecular plane. There is an additional

pz orbital that is positioned perpendicular to the molecular plane. Overlapping pz orbitals

contribute to delocalized molecular \pi -bands into which electrons can be excited by excitation

energies of several hundred kJ/mol, making the molecules semiconducting. Molecules with

this feature are thus called "conjugated" organic molecules (COMs). Additionally, if overlap

of pz orbitals of separate molecules is achieved (e.g. in a molecular crystal), charge transfer

can also be realized in the direction perpendicular to the molecular planes, with electron

mobilities up to a few cm2/Vs. However, even in highly ordered organic crystals, charge

mobilities are still about three orders of magnitude lower than mobilities measured in their

inorganic counterparts which is still a significant drawback of COMs.

In terms of their shape, common organic semiconductor molecules are often planar, rod-

like with a long and narrow symetry axis. This spatial anisotropy extends to an anisotropy in

optoelectronic properties, as strongly anisotropic molecules tend to form less ordered crystal

structures. The high number of degrees of freedom of a molecule together with collective

effects in the dynamics of the large number of equal molecules, often results in conformational

trapping during crystallization. If generated charge carriers have to hop between different

parts of neighbouring molecules, their mobility is further decreased. This again exemplifies

the tight relation between crystal structure and morphology and functionality.

However, some applications, such as organic light emiting diodes (OLEDs), do not require

high charge mobilities and thus a high level of crystalline ordering. Currently, novel OLED

4
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displays are being produced from glassy structures composed of thin organic films.

Another property of COMs is their low stability, as they tend to quickly dissociate under

the influence of light and heat. This comes as a result of COMs often containing weak single

bonds in their structure, which make them unstable and also prone to quick oxidation when

exposed to air.

The nucleation and growth processes of COMs are still not fully understood, especially

from the theoretical point of view. Their anisotropic geometry and many degrees of freedom

lead to growth processes far more complex compared to the growth of inorganic materials

based on single atoms. In particular, the intermolecular and molecule-substrate interactions,

as well as the physical properties governing the nucleation and structure formation still lack

profound theoretical understanding. This opens a door to the development of new strategies

that could explain different anisotropic effects and interactions acting on different time- and

length scales, from the quantum scale of electronic interactions to the macroscopic scale

of structure formation. This serves as a main motivation for the work summarized in this

thesis.

Hybrid inorganic/organic semiconductors

Hybrid organic/inorganic semiconductors (HIOS) can be achieved by depositing organic

molecules on inorganic substrates. In this way the unique features of both materials can be

exploited in heterostructures with novel characteristics. The optical and electronic proper-

ties of HIOS are highly sensitive to morphological changes of conjugated organic molecules

(COMs) on the inorganic semiconductor surface, for instance, by modifications of the molec-

ular orientation or packing structure of the COMs induced by a different surface termination.

It was shown that a highly ordered inorganic substrate can induce a high level of ordering

in the deposited organic structures. [10, 11, 12, 13], indicating that it is possible to tai-

lor the device performance by carefully selecting the substrate. In turn, the optoelectronic

properties of the organic parts can be tuned by adjusting the structure and the orientation

of the molecular crystals on the inorganic surface. It was observed, for instance, in stud-

ies combining the X-ray diffraction measurements with the atomic force microscopy, that

the para-sexiphenyl (p-6P) molecule adsorbs flat-lying on the ZnO
\bigl( 
1010

\bigr) 
surface with the

5



1.1. Inorganic and organic semiconductors

Figure 1.3: Energy level alignment at the organic para-sexiphenyl and (a) the ZnO (0001) or (b) the ZnO\bigl( 
1010

\bigr) 
interface, derived from uv-photoelectron-spectroscopy and optical adsorption data. As the face

dependent ZnO surface dipoles are modified by the interaction with the p-6P molecules, the energy level
alignment is determined by both the ZnO face and the orientation of the molecules. (c) Atomic force
microscopy (AFM) image of the p-6P islands on the (0001) surface for a nominal thickness of 1nm. (d)
p-6P islands on the

\bigl( 
1010

\bigr) 
surface, for a nominal thickness of 1nm. (vacuum level (VL), conduction band

minimum (CBM), valence band maximum (VBM), lowest unoccupied molecular orbital (LUMO), highest
occupied molecular orbital (HOMO)). Figures are taken from reference [14].

long molecular axis (LMA) perpendicular to the direction of the surface dipoles (see figure

1.3) [14]. Furthermore, studies based on the combination of first-principles and classical the-

oretical methods demonstrated that the energy of the ZnO/p-6P system is minimized when

the molecule is oriented perpendicular to the [0001] direction [15]. This finding is explained

by the influence of the electrostatic surface energy landscape which provides a template for

the molecule to adsorb and nucleate in a predefined fashion.

The molecular alignment in the organic crystal is closely related to the function of the

device. In the case of the p-6P, the perpendicular orientation of the pz orbitals in respect to

the molecular plane facilitates their overlap in the crystal state. Thus, charge transport is

realized along the direction perpendicular to the molecular LMAs. For the eventual applica-

tion in OLEDs, where light emission is maximized in the direction of the electron diffusion,

all LMAs should be aligned parallel to the surface. In contrast, for the successful application

in organic thin film transistors (OTFTs), the LMAs of the molecules should be oriented

perpendicular to the surface plane.
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Chapter 1. Introduction

Figure 1.4: Comparison in growth modes of the para-sexiphenyl (p-6P) and its symmetrically fluorinated
version, para-tetrafluorosexiphenyl (p-6P4F), on the ZnO

\bigl( 
1010

\bigr) 
surface, measured with in situ atomic force

microscopy (AFM) and grown at room temperature. Figures are taken from reference [16].

Molecular orientation and growth modes can additionally be modified through functional-

ization of COMs. For example, replacing the hydrogen atoms in the four “corner” positions

of the p-6P molecule introduces two local dipole moments at both molecular termini. This

leads to several changes in the growth morphology. While p-6P films are characterized by

the formation of two different phases composed of three-dimensional nanocrystallites and,

consequently, a rather rough surface morphology, in case of the fluorinated version layer-by-

layer growth and phase purity prevails, leading to smooth terraced thin films [17]. These

results might provide a path towards highly uniform molecular films as demanded in many

practical applications. Also the occurrence of steps and step-edges on the surface has an

influence on the individual island shapes and the overall island density, since steps introduce

kinetic barriers and diffusion channels on a surface [18, 19, 11].

The growth of crystalline films of COMs on inorganic substrates is a nonequilibrium pro-

cess, governed by an intricate competition between kinetics and thermodynamics [20]. Thus,

the nucleation and growth of COMs can be better controlled once the first kinetic steps

7



1.1. Inorganic and organic semiconductors

Figure 1.5: The functionality of HIOS is determined by the molecular alligment in respect to the surface
plane. For the application in OLEDs (a), lying molecular configuration enables maximum light emission
perpendicular to the surface plane. For the application in organic thin film transistors (b), standing molecular
configuration enables charge transport from source (S) to drain (D), through the gate (G).

(a) (b)

Figure 1.6: The p-6P molecule consists of n = 6 conjugated benzene rings, connected by flexible five single-
bonds. The relatively flexible bonds allow the independent rotation of the phenyl rings, enabling the molecule
to vibrate, bend and stretch.

are understood. [21]. In the last years, a significant effort has been invested in studying

the early stages of thin film formation and growth, with the aim to better understand the

initial nucleation events, which are characterized by surface diffusion, surface binding and

step-edge crossing energy barriers. [17, 18, 22, 23, 24, 25, 26].

The investigated materials

In this thesis we focus on two materials of the inorganic class, zinc oxide (ZnO) and amor-

phous silica (a-SiO2) and the following materials of the organic class: phenyl (P), biphenyl

(p-2P), triphenyl (p-3P), tetraphenyl (p-4P), sexiphenyl (p-6P),

Organic: phenyl (P), para-biphenyl (p-2P), para-triphenyl (p-3P), para-tetraphenyl

(p-4P), para-sexiphenyl, para-difluorosexiphenyl, para-tetrafluorosexiphenyl

Among the COMs, para-oligophenyls have attracted significant attention due to their high

thermal stabilities [27] and quantum yield [28]. Additionally, the extended \pi -electron system

along their LMA makes them suitable for different optoelectronic applications, such as both

8



Chapter 1. Introduction

(a) (b) (c)

Figure 1.7: a) The p-6P molecule and its b) asymmetrically, p-6P2F, and c) symmetrically, terminally
fluorinated derivative, p-6P4F. The arrows highlight the direction of the local dipole moment introduced
upon partial fluorination of the p-6P.

OLEDs or OTFTs. The benzene rings in para-oligophenyls are connected through single-

bonds, giving the molecules a relatively high number of degrees of freedom. In particular,

the rod-like para-sexiphenyl or para-hexaphenyl (p-6P; C36H26) is a well-characterized rep-

resentative of p-oligophenyls [29, 30, 13] (see figure 1.6). It has a high-energy gap of 3.1

eV that enables the emission of blue light, which is useful in multi-color organic LEDs or

random laser applications, and self-assembles spontaneously into highly ordered crystals [31,

32, 13, 33, 34, 10].

An additional way to control the growth behavior of the p-6P, besides carefully selecting

the underlying substrate, involves partial fluorination of the p-6P molecule. The investigated

chemically modified p-6P molecules are created by replacing the hydrogen atoms in the two

and four “corner” positions of the p-6P. Here an asymmetrical derivative, p-6P2F, and the

symmetrical, terminally fluorinated derivative, p-6P4F, are created and shown in Fig. 1.7.

In situ experiments have shown that the film structure and morphology of these derivatives

are substantially altered due to the modified intermolecular electrostatic interactions [16].

Figure 1.8: Top view of atomistic models for differently terminated ZnO surfaces.
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1.1. Inorganic and organic semiconductors

Inorganic: Zinc Oxide and Amorphous Silicon Dioxide

ZnO is an n-type semiconductor of the II-VI semiconductor group. Its high electron mobility,

low opacity and high tolerance towards radiation and heat, make it an excellent candidate

for devices that require transparent conductive layers, such as lasers, PVCs and transparent

electronics [35, 36].

The bonding between Zn and O is partly covalent but exhibits a significant polar character

due to the very strong electronegativity of oxygen and low zinc electronegativity. This leads

to a substantial ionicity of 0.616 on the Phillips scale with ionized Zn2+-O2. [37] Due to sp3

hybridization, the atoms are tetrahedrally coordinated where every Zn ion is surrounded by

four O ions, and vice versa, forming the two interpenetrating hexagonal sub-lattices of the

wurtzite structure.

For the application in HIOS, ZnO surface terminations play an important role (see fig-

ure 1.8). For the
\bigl( 
1010

\bigr) 
surface, which is patterned with polar Zn-O rows, there is a zero

net dipole moment perpendicular to the surface plane, while the (0001) surface can be either

oxygen- or zinc-terminated, which introduces different perpendicular dipole moments. Re-

garding its application in HIOS, it shows promising qualities as electrode material in organic

PVCs [38, 39]. Furthermore, ZnO has been investigated theoretically and experimentally in

combination with p-6P [14, 17, 15, 16]. However, its full potential for application in hybrid

devices is still under investigation. [40, 41, 42, 43].

Silicon dioxide, SiO2 or silica, is one of the most studied inorganic semiconductors. Due to

its easy processing and large availability, it is an irreplaceable material in the semiconduc-

tor industry, widely used in metal-oxide-semiconductor-field-effect-transistors (MOSFETs)

or in the chemical industry as a basic component for catalytically active materials, such as

Figure 1.9: Tetrahedral coordination of the amorphous silica a-SiO2, with four oxygen atoms surrounding
the central Si atom, introduces the short-range ordering in the bulk silica structure.
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Chapter 1. Introduction

zeolites. The structure of silicon dioxide can be described as a system of SiO4 tetrahedra

with the Si atom in the center, surrounded by oxygen atoms at each vertex (see Fig. 1.9).

In crystalline SiO2 (such as quartz), the four oxygen atoms act as bridging atoms to neigh-

bouring tetrahedra. However, in amorphous silica not all oxygen atoms are bridging and the

arrangement of tetrahedra is random. The presence of non-bridging oxygen atoms allows

the rotation of the individual tetrahedra with respect to its neighbours (see the exemplary

bulk silica structure in Fig. 1.9). Thus, even though the local environment of each atom is

consistent in the amorphous silica structure (short-range ordering), the same arrangement

does not persist over long-distances (long-range ordering is absent). Notably, amorphous

SiO2 has been studied experimentally and theoretically in combination with p-6P, pentacene

and perylene derivatives such as PTCDI-C8 [44, 45, 46].

Aims of this thesis

The main focus of the present thesis lies in the theoretical understanding of HIOS assembly

bottom-up from ’simple’ to more complex systems, that is, starting from the adsorption of a

single COM onto inorganic semiconductor surfaces up to the self-assembly of a few hundreds

of COMs. In particular, the molecular shape, polarity, structural, and kinetic behavior on

atomistically-resolved ZnO and a-SiO2 surfaces are explored. In HIOS, where the surfaces

of inorganic substrates are often polar (such as ZnO), theoretical challenges appear due to

mostly anisotropic electrostatic interactions. Surface energy landscape defines an underlying

template for the COMs to attach in a predefined fashion and nucleate. This, in turn, enables

a controlled engineering of both inorganic surfaces and organic molecules while, for instance,

adapting their polarity towards property optimization. Furthermore, the growth of thin films

from COMs deposited from the gas phase is an intrinsically nonequilibrium process governed

by an intricate competition between kinetics and thermodynamics [44]. Precise control of

the nucleation and growth and thus of the properties of hybrid interfaces becomes possible

only after an understanding of the first kinetic steps is achieved. Given such a complex

surface energy landscape, a natural question is, how does it influence the time scale of

diffusion and with this possibly the nucleation rates of the COMs? Can it impose anisotropic
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1.2. Aims of this thesis

kinetic barriers which could result in anisotropic transport and nucleation features far from

equilibrium? How is the diffusion of a single COM, which precedes nucleation, exactly

connected to the energy landscape? What is the influence of chemical tuning, namely,

partial fluorination, on molecular diffusion behavior, binding, nucleation and the growth?

A better understanding of these fundamental questions is desired and the analysis of the

existing experiments still requires a theoretical backing. Thus the general aim of this thesis

is to employ classical all-atom molecular dynamics (MD) computer simulations of COMs

on inorganic semiconductor surfaces in order to interpret and guide experimental results by

giving fundamental insight into the atomic and molecular scale structures and kinetics in

HIOS. The following sections introduce the specific aims of this thesis.

Entropic barriers in COM diffusion on inorganic surfaces

To theoretically investigate the dynamics of diffusion, nucleation and growth we opt for

atomistically resolved molecular dynamics (MD) and stochastic dynamics (SD) computer

simulations [47, 48, 49, 50, 51]. The details regarding the employed methods are introduced

in section 2.2.

Many important quantities regarding the initial nucleation- and transport processes lead-

ing to the growth of organic crystals on inorganic substrates are hardly accessible to ex-

periments. While organic oligomers showed to have very interesting diffusion mechanisms

compared to simple atom adsorbates, since molecules have more degrees of freedom [52, 53,

54, 55], the entropic gain coming from adding the internal degrees of freedom has not been

quantified in theoretical studies of diffusion on inorganic surfaces. Gehrig et al. [56] showed

that the entropic contributions play an important role in the diffusion of single molecules

on a surface at all temperatures. They studied what influence the position of an scanning

tunneling microscope (STM) tip has on the energy barrier and attempt frequency during the

hopping rate measurement of a single dibutyl sulfide molecule, which was rotating in place

on a Au(111) surface. The tip-induced enthalpy- and entropy-differences between equilib-

rium and transition states correlate with each other linearly, implying an enthalpy-entropy

compensation. The compensation is a known phenomenon in the context of activated trans-

port processes but is yet not well understood [57, 58, 59]. In particular, it is not yet clear
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nor quantified what role is played by the internal degrees of freedom beyond simple trans-

lations or rotations, such as bending or twisting of the adsorbed molecule. In addition, MD

simulations of alkanes of different chain length have revealed similar energy-entropy compen-

sation [60, 61]. In these studies, desorption of the molecules from a surface has been analyzed

using the transition state theory (TST). The authors have linked the compensation effect to

conformational changes within the molecules and, ultimately, to their entropies, but did not

quantify them.

In chapter 3 our goal is to study how exactly does the energy-entropy compensation apply

to molecules of the same class but different length (i.e., growing number of internal degrees

of freedom), namely for poly(p-phenylene) molecules of different length on amorphous silica

surface, using atomistically resolved SD simulations.

Influence of COM polarity on diffusion on the ZnO

The advantage of atomistic SD simulations is that the thermally activated dynamic processes

can be integrated into the relevant diffusive timescales. This was previously demonstrated for

single atoms on a model bcc crystal surface [62], or on MgO [63], benzene on graphite [64], C60

(fullerene) and pentacene on pentacene crystal substrates [65], alkanes on metal surfaces [66]

and organic molecules on an insulating ionic (KBr) [19] or (TiO2) surface [67, 68]. Most

of the studies focused on molecular hopping mechanisms and diffusion on terraces, along

steps, and attachment to and detachment from terraces and islands, which are among the

most fundamental atomistic processes in the early stages of thin-film growth [20]. Mattoni et

al. [69] have analyzed the anisotropic diffusion of Zinc-Phthalocyanine (ZnPc) molecules on

ZnO by a combination of force field simulations and TST. In particular, it was shown that

ZnPc on the ZnO
\bigl( 
1010

\bigr) 
surface tends to diffuse and aggregate perpendicular to the polar

[0001] direction. Palczynski et al. [70] demonstrated similar anisotropic diffusion and binding

behavior of the rod-like p-6P on ZnO
\bigl( 
1010

\bigr) 
. Furthermore, studies based on the combination

of first-principles and classical theoretical methods demonstrated that the energy of the

ZnO/p-6P system is minimized when the molecule is oriented perpendicular to the [0001]

direction and that a high barrier exists for the translation of the molecule in the polar

[0001] direction. Thus, the electrostatic surface energy landscape of ZnO
\bigl( 
1010

\bigr) 
provides a
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template for the molecules to adsorb in a predefined fashion and nucleate. In addition, it

was demonstrated that thiophene-based polymers tend to align along the same direction [71,

72].

In chapter 4, our goal is to study the influence of change in polarity on the anisotropic

diffusive behavior of a single p-6P molecule on the patterned ZnO
\bigl( 
1010

\bigr) 
surface using SD

simulations.

Influence of polarity on nucleation and growth

In the last years, significant progress has been made in the application of classical atomistic

simulations to study, for instance, the structure of organic solid crystals [73, 74, 75, 76],

pentacene growth on various surfaces [77, 78, 79, 80], perylene deposition onto self-assembled

monolayers [81], or oligothiophene structures on fullerenes [82]. The force fields used for these

kinds of simulations are commonly benchmarked to results from ab-initio calculations [47,

48, 50, 51, 75] or optimized empirically.

For growth and nucleation studies it is highly desirable that the force field is good enough

to reproduce a spontaneously self-assembled room-temperature solid crystals on the inor-

ganic surface, as they exist in experimental reality. Palczynski et al. [76] proposed such a

well-balanced force-field that was capable of providing a spontaneously self-assembled room-

temperature solid p-6P crystal, with unit cell parameters in agreement with experimental

measurements. When it comes to the molecular self-assembly on inorganic surfaces, there is

a requirement for the force field to reproduce the correct and fine balanced organic-organic as

well as organic-inorganic interactions. Another challenge for the current simulation methods

is the limited simulation time, which may not be sufficiently long in order to allow the strongly

attractive molecules arrange into ordered positions on the surface. Very recent contributions

published by Zannoni and coworkers [79, 83] indicated that relevant growth events can be suc-

cessfully reproduced on time scales accessible in atomistic simulations, at least for pentacene

and sexithiophene molecules: Muccioli et al. [79] demonstrated that in pentacene deposition

on a C60 crystal surface, the molecules self-assemble into crystal nuclei, closely resembling

the bulk crystal structure. They stress that the observed deviations in the self-assembled

crystal structures might have originated from surface distortions or imbalances in the chosen
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force field. Muccioli et al. [44] additionally showed that the vapor-deposition of pentacene

molecules onto the amorphous silica surface results in the correct room-temperature bulk

crystal structure in the first two adsorbed layers, with unit cell dimensions consistent with

experimental measurements. Furthermore, Pizzirusso et al. [83] showed that sexithiophene

molecules spontaneously arrange into an ordered crystal-like structure at room-temperature,

consistent with experimental densities and global molecular orientations.

In chapter 5 of this thesis, our goal is to study the influence of increase in the number of

polar groups of the p-6P on the molecular self-assembly on the amorphous silicon dioxide,

by means of simulated vapor deposition on the surface.

Thesis outline

In this thesis we develop new strategies for the theoretical prediction of transport properties

of conjugated organic molecules on inorganic surfaces, as well as on characterizing their

nucleation and growth mechanisms. In chapter 2, we introduce a number of used methods

together with their basic definitions. First, we provide a detailed overview of the physical

properties of ZnO, a-SiO2, short oligophenyls consisting of up to six rings, p-6P and its

fluorinated versions, i.e. p-6P2F and p-6P4F. This is followed by the essentials of MD and

SD simulations and the introduction to the models representing the studied organic molecules

and the ZnO
\bigl( 
1010

\bigr) 
/a-SiO2 surfaces, employed in our simulations. The methods employed

to interpret the simulation results are presented at the end of chapter 2.

In chapter 3 we quantify the surface binding energies and entropies, diffusion energy and

entropy barriers for short oligophenyls up to p-6P on the amorphous silica surface.

In chapter 4 we quantify the anisotropic diffusion behaviour of a p-6P, p-6P2F and p-6P4F

molecules on the ZnO
\bigl( 
1010

\bigr) 
surface and investigate the main physical substrate-molecule

interaction processes and influence of change in polarity on the diffusion anisotropy.

In chapter 5 we present a strategy to simulate vapor deposition of the p-6P and its asym-

metrically fluorinated derivative p-6P4F, onto the amorphous silica surface. We characterize

the structure of grown molecular layers and detect the driving mechanisms that govern the

nucleation and growth of molecules.
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1.3. Thesis outline

Finally, chapter 6 concludes the thesis with a summary and an outlook.
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Models and methods

In this chapter we introduce the materials, simulation approaches and evaluation methods

required to study our systems. Specifically, we discuss the investigated materials in section

2.1, our simulation approach and details of the modeling in sections 2.2 and 2.3.

The physical properties of the investigated systems

This section introduces fundamental physical properties of the investigated organic molecules,

the p-6P crystal structure, the zinc-oxide (ZnO) crystal and the amorphous a-SiO2 struc-

tures. Thus, in order to validate our simulation results through comparison, parts of this

thesis rely on the knowledge of previously measured structures. Atomistic models of the

systems introduced here will be described in section 2.3.

Physical properties of single molecules

The p-6P molecule

The internal structure of the p-6P molecule and related polyphenyls has been studied exper-

imentally using X-ray diffraction measurements on purified single crystals [29]. Additionally,

it was studied in great detail using geometry-optimization calculations based on density func-

tional theory (DFT) [84] and atomistic molecular dynamics (MD) simulations [49], amongst

many more studies [85, 86, 87, 88].

When it comes to the internal degrees of freedom, the p-2P-p-6P molecules have both

vibrational and rotational degrees of freedom as they are composed of two (in case of p-2P),

up to six (in case of p-6P) benzene rings that are linearly connected via flexible single-bonds

Table 2.1: Mean, \mu M , and variance, \sigma 2
M , of the torsional angle distributions of the molecules in a vacuum.

p-2P p-3P p-4P p-6P

\varphi C - C [°] \sigma 2
M \mu M [°] \sigma 2

M \mu M [°] \sigma 2
M \mu M [°] \sigma 2

M

12.91 8.84 34.31 19.38 34.43 21.34 34.32 19.15
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2.1. The physical properties of the investigated systems

Figure 2.1: The two (extreme) torsional states of the p-6P in equilibrium: the alternating torsion and the
thread-like (or gradually increasing) torsion. The angle \varphi C - C is defined as the angle between the planes of
the neighbouring benzene rings.

(see figure 1.6). Each ring can rotate individually. All rings together amount to a total

van-der-Waals length of the molecules of 0.49, 1.12, 1.29, 2.14, 2.58 for P, p-2P, p-3P, p-4P

and p-6P, respectively, where the total length can extend for roughly 0.20 nm, depending on

the molecule’s state of torsion and bending, with a width of 0.49 nm [89]. For the molecular

structures simulated in a vacuum, the planes of neighboring benzene rings are always twisted

in respect to each other with angles \varphi C - C ranging between 12° and 34° between them (for

the values see table 2.1). The inter-ring or torsional angles between the neighboring benzene

rings can either alternate in sign (+ - + - +) or gradually increase as a thread (+ + + ++)

(see figure 2.1 with a p-6P as an example). The configuration with alternating angles, shown

in figure 2.1, is energetically slightly more favorable compared to the one where angles follow

a thread-like increase [22]. The bonds between the benzene-rings break at temperatures

above 773 K and the molecule decomposes [90].

The p-6P bulk crystal structure

The stable, room-temperature, bulk crystal structure of the p-6P is known as a \beta -structure,

shown in figure 2.2. X-ray diffraction measurements of crystalline thin films at room-

temperature (T = 295 K) demonstrated that the p-6P crystallizes in the monoclinic P21/c

space group with a herringbone structure [29, 91]. In the bulk structure the p-6P molecules

are approximately planar, with the torsional angles between the neighboring phenyl rings

Table 2.2: Room-temperature crystallographic data of the p-6P. The room-temperature \beta -phase structure
was measured with X-ray diffraction [29, 91]. The unit-cell dimensions are represented by a, b, and c, unit
cell angles are denoted as \alpha , \beta and \gamma , \Phi represents the average inclination angle, \theta H the average herringbone
angle, \rho stands for the average mass density and \varphi \mathrm{C} - \mathrm{C} for the average intramolecular torsional angle.

a[nm] b[nm] c[nm] \alpha [°] \beta [°] \gamma [°] \Phi [°] \theta H [°] \rho [g/cm3] \varphi \mathrm{C} - \mathrm{C}[°]

p-6P \beta -phase 0.809 0.557 2.624 90 98.2 90 18 66 1.3 20

18



Chapter 2. Models and methods

(a) (b) (c)

Figure 2.2: Illustration of the experimental p-6P \beta -crystal structure measured at room-temperature: (a)
view in the direction of the long molecular axis (LMA), (b) perpendicular to the LMA, (c) schematic
representation of the herringbone angle \theta H . The unit cell parameters have been measured in Ref. [29, 91]
and amount to a = 0.809 nm, b = 0.557 nm, c = 2.624 nm, \beta = 98.2°, and monoclinic unit cell angles \alpha = 90°
and \gamma = 90° (not shown here). All LMAs are parallel to each other in the crystal state. The molecules form
a herringbone structure with a characteristic angle of \theta H = 66° between the planes (averaged over the
planes spanned by each of the six phenyl rings) of two molecules. The phenyl rings in each molecule are
coplanar on the average, however they can rotate with respect to the single-bonds between them if thermally
activated. The torsional angles between two neighbouring phenyl rings in the single \itp -6P molecule amount
to approximately 20° in the room-temperature crystalline phase. The angle between the LMA and the layer
normal (inclination angle) is \Phi = 18°. The image is taken from Ref. [76].

reducing to less than \varphi C - C = 20\circ , as a consequence of the collective many body interactions.

The quadrupole-induced [25] herringbone structure is characterized by an angle of \theta H = 66\circ 

between the average planes defined by two molecules in the unit cell. The crystallographic

parameters for the p-6P are shown in Table 2.2. The p-6P can crystallize in several different

polymorphs, one of them being a so called \gamma -phase, that also exhibits a herringbone align-

ment, but with molecular LMAs perpendicular to the layer normal. The crystal structure of

the p-6P4F, symetrically fluorinated version of the p-6P, is so far unkown.

The amorphous a-SiO2 surface

Amorphous silica (a-SiO2) is an inorganic material commonly used to isolate conducting

regions in semiconductor circuits. Due to its mechanical resistance, selectivity for chemical

modification and high dielectric strength, a-SiO2 is an important material in microelectronics.

Due to its unique properties, amorphous silica can be successfully applied in: chips, optical

fibers, telescope glasses and even in molecular biology in resins and optical beads to study

the properties of biomacromolecules [92, 93, 94, 95, 96, 97, 98, 99]. The structure of silicon

dioxide can be described as a three-dimensional network of SiO4 tetrahedra with the Si

atom in the center, surrounded by oxygen atoms at each vertex. There are several known
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Figure 2.3: Pair radial distribution functions, gij(r) computed for surface atom Si-Si, O-O and Si-O pairs at
the temperature of T = 300 K.

crystalline silica structures, such as quartz, cristobalite and tridymite. In crystalline SiO2

(such as quartz), the four oxygen atoms act as bridging atoms to neighbouring tetrahedra.

However, in amorphous silica not all oxygen atoms are bridging and the arrangement of

the tetrahedra is random. The presence of non-bridging oxygen atoms allows the rotation

of the individual tetrahedra with respect to its neighbours (see the exemplary bulk silica

structure in Fig. 1.9). Thus, even though the local environment of each atom is consistent

in the amorphous silica structure (short-range ordering), the same arrangement does not

persist over long-distances (long-range ordering is absent). Well defined local structures of

the simulated amorphous silica can be seen from the the pair radial distribution functions,

gij(r) shown in Figure 2.3. The gij(r) is computed for all Si-Si, O-O and Si-O atom pairs

at T = 300 K. Position, shape and area of the peaks are in satisfactory agreement with

previously published results obtained by atomistic simulations [100] and neutron scattering

experiments. [101, 102].

The oxygen atoms (O2 - ) in silica are electronegative, while the silicon atoms (Si4+) are
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electropositive, resulting in atomic bonds with high degree of polarity. The bond angles

around O-Si-O are equal to the tetrahedral angle of 109°. Regarding the interatomic distances

in the bulk structure, the Si-O distance is measured to be 0.16 nm with a little variation. [101,

102] The bond angle Si-O-Si amounts to around 145 degrees. The bond distance is slightly

smaller compared to the sum of the atomic covalent "radii": Si (0.11 nm) + O(0.066 nm) =

0.18 nm.

The ZnO
\bigl( 
1010

\bigr) 
surface

(a)
(b) (c)

(d)

Figure 2.4: The zinc-oxide crystal is an inorganic n-type semi-conductor that consists of Zn2+ (grey) and
O2 - (red) ions. (a) ZnO

\bigl( 
1010

\bigr) 
surface with dimensions 50 \times 50 nm. The image is obtained by scanning

tunneling microscopy (STM) and taken from reference [103]. The positions of Zn atoms are highlighted
with open circles and a unit-cell is shown. The

\bigl[ 
1210

\bigr] 
direction of the surface is the negative of the

\bigl[ 
1210

\bigr] 
direction. (b) Illustration of the

\bigl( 
1010

\bigr) 
ZnO surface with the main crystallographic directions a, b and c.

The z
\bigl[ 
1010

\bigr] 
-axis is the perpendicular to the

\bigl( 
1010

\bigr) 
surface plane, which is spanned by the a- and c-vectors.

The b-axis highlights the orientation of the ZnO unit-cell in respect to the surface plane. (c) Close view of
the top of the

\bigl( 
1010

\bigr) 
surface with marked lattice constants a = 0.329 nm and c = 0.524 nm. ZnO dimers

are alligned along the a-axis with their strong dipoles pointing towards the c-axis. (d) The unit-cell axes of
the ZnO wurtzite lattice. The translation vectors \vec{}a and \vec{}b are of the same length and form an angle of 120°.

ZnO is an inorganic, n-type semi-conductor of the II-VI semiconductor group. It has a

wide band-gap of 328 kJ/mol and a decomposition-temperature of 2242 K. Bonding in ZnO

is largely ionic, as it consists of a group II element (Zn2+) and a group VI element (O2 - ).

ZnO has a tetrahedral coordination, with each Zn-ion having four O neighbors and vice

versa. Because of this, every ion in the compound has four equivalent tetrahedrally directed

\mathrm{s}\mathrm{p}3 atomic orbitals. Due to its tetrahedral coordination, ZnO crystallizes in the hexagonal

wurtzite structure (space group P63mc), which is a thermodynamically stable ZnO crystal

structure under ambient conditions. The unit cell constants are summarized in table 2.3.
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Figure 2.4 shows the non-polar
\bigl( 
1010

\bigr) 
ZnO surface. The orientations of crystal planes

and of the axes are represented by four-digit Miller indices. Here, the c-axis is labeled as

the [0001] direction and the a-axis as the
\bigl[ 
1210

\bigr] 
direction. The

\bigl( 
1010

\bigr) 
surface is the plane

defined by the a- and c-axis and is perpendicular to the
\bigl[ 
1010

\bigr] 
direction. The ionic character

of the ZnO stems from the high difference in electronegativity of 2.59 between the Zn- an

O-ions, resulting in atomic bonds with a high degree of polarity. The polarity is particularly

important for the
\bigl( 
1010

\bigr) 
surface, which is terminated by rows of Zn-O dimers, while their

dipoles are oriented in the [0001] direction. However, the net dipole moment perpendicular

to the surface is zero [104], as the surface layer contains an equal number of Zn and O atoms.

Molecular dynamics and stochastic dynamics computer

simulations

The systems studied in this thesis are atomistically resolved and simulated using the Gromacs

molecular dynamics simulation package, [105] version 5.1. For every atom in the system

classical equations of motion are solved while each atom is represented by a corresponding

point-mass and a point-charge. The atoms are placed in a periodic simulation box of finite

volume, V , with a cubic, monoclinic or triclinic shape. The interactions between atoms are

defined by pair-potentials. The output of the molecular dynamics (MD) simulations typically

comprise of time-dependent atomic trajectories. Typical time scales accessible in MD and

stochastic dynamics (SD) simulations range from a few picoseconds (ps) up to a microsecond

(s). Molecular dynamics simulations can be reasonably employed for studying systems that

consist of up to 105 atoms before they become computationally too expensive.

Table 2.3: Crystallographic data of ZnO provided in [36], with unit cell vectors a, b and c, angles \alpha , \beta and
\gamma and the mass density \rho .

a[nm] b[nm] c[nm] \alpha [°] \beta [°] \gamma [°] \rho [g/cm3]

ZnO 0.329 0.329 0.524 90 90 120 5.6
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Chapter 2. Models and methods

Equations of motion

Each atom i in the system is assigned with a point-mass mi and a partial charge qi, attached

to its center. The potential energies between two atoms i and j are a function of their

positions \vec{}ri, \vec{}rj and their distance rij = | \vec{}rj  - \vec{}ri| at any time, and they enter in a classical

Hamiltonian of the system. The terms included in the system Hamiltonian are Lennard-

Jones (LJ) and Coulomb potentials that account for nonbonded interactions, together with

harmonic potentials for the (bonded) intramolecular bond-, angular- and dihedral (torsional)

interactions. Bonded interactions are computed based on a pre-determined fixed list. The

non-bonded interactions are centro-symmetric and pair-additive. Angle- and dihedral inter-

actions depend on the positions of three and four bodies and are computed on the basis of a

pre-determined list. Periodic boundary conditions (PBC) are employed, in which the atomic

system in the simulation box is surrounded with translated copies of itself. Finally, the total

system Hamiltonian has the form

H =
N\sum 
j

Kj ( \.rj,mj) +
N\sum 
j

N\sum 
i \not =j

4\varepsilon ij

\Biggl[ \biggl( 
\sigma ij

rij

\biggr) 12

 - 
\biggl( 
\sigma ij

rij

\biggr) 6
\Biggr] 
+

N\sum 
j

N\sum 
i \not =j

1

4\pi \varepsilon 0\varepsilon r

qiqj
rij

(2.1)

+
N\sum 
j

N\sum 
i \not =j

1

2
Kb

ij (rij  - r\mathrm{e}\mathrm{q})
2 +

N\sum 
ijk

1

2
K\theta 

ijk (\theta ijk  - \theta \mathrm{e}\mathrm{q})
2 (2.2)

+
N\sum 
ijkl

1

2
K\phi 

ijkl [1 + \mathrm{c}\mathrm{o}\mathrm{s} (n\phi ijkl  - \gamma )] (2.3)

where the first term is the total kinetic energy of the system and \sigma ij and \varepsilon ij are the LJ pa-

rameters computed by applying the Lorentz-Berthelot combination rules [106] to the single-

particle LJ functional parameters (atomic van-der-Waals radius \sigma i and the LJ potential well

depth \varepsilon i). In the Coulomb potential term, qi and qj are the partial charges assigned to

atoms i and j, and \varepsilon 0, \varepsilon r are the dielectric constants. In our simulations \varepsilon r is set to 1, as our

systems do not include any implicit solvents. The harmonic force constants Kb
ij and K\theta 

ijk

describe the bond- and angle-interactions, and r\mathrm{e}\mathrm{q} and \theta \mathrm{e}\mathrm{q} are the bond lengths and bond

angles in equilibrium, respectively. The corresponding angle defined by the bonds of atoms

i-j and j-k is denoted with \theta ijk. The parameter K\phi 
ijkl corresponds to the dihedral angle \phi ijkl,
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2.2. Molecular dynamics and stochastic dynamics computer simulations

while \gamma represents a phase angle and can either take the value 0\circ or 180\circ . Constraints are

placed on bond vibrations by using the LINCS [107] algorithm.

The total force, \vec{}Fi, acting on atom i at position ri is equal to

\vec{}Fi =  - 
N\sum 
j=1

\mathrm{d}H

\mathrm{d}rij

\vec{}rij
rij

. (2.4)

The atomic trajectories can thus be obtained by integrating Newton’s equation of motion

mi
\"\vec{}ri = \vec{}Fi. (2.5)

The auxiliary friction and noise terms are also added to equation 2.5 in order to make sure

that the full energy dissipation and partitioning among the system components is mantained.

With these additional terms the equation 2.5 results in the Langevin equation of motion for

an atom i at position \vec{}ri [108],

mi
\mathrm{d}2\vec{}ri
\mathrm{d}t2

=  - mi\xi 
\mathrm{d}\vec{}ri
\mathrm{d}t

+ \vec{}Fi + \vec{}Ri (2.6)

where \xi represents the friction constant in the surrounding heat-bath, and \vec{}Ri (t) is a Gaus-

sian random force obeying the fluctuation-dissipation theorem [105]. Per construction, the

random force \vec{}Ri is uncorrelated to the real forces in the system nor with the velocities from

any earlier times on time scale of t \gg \xi  - 1 [109, 110]. After solving the Langevin equa-

tion [110], a relation between the random force, the system temperature T and the friction

constant can be obtained. The solution can be written in terms of the self-correlation of the

random force\Bigl\langle 
\vec{}R (t) \vec{}R (t0)

\Bigr\rangle 
= 2\pi mi\xi kBT\delta (t - t0) (2.7)

which expresses the fact that the inter particle collisions are uncorrelated [111].

Because of the random force included in the equation of motion, the long-time dynamics is

realized stochastically. The stochastic dynamics (SD) approach ensures a constant average

temperature of the system and an ergodic sampling of the phase space.
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The leapfrog integrator

In GROMACS, a simple and efficient algorithm to integrate eq. 2.5 is a leap-frog algorithm.

The basic scheme of the leap-frog algorithm is given by equations 2.8 (for the update of atomic

velocities) and 2.9 (for the update of atomic positions). Within the leap-frog algorithm, new

positions and velocities are derived based on the previous positions and velocities. The new

atomic position, \vec{}ri, of the atom i is calculated after a time step \Delta t, which is typically in the

range of 1 to 2 fs.

\vec{}vi

\biggl( 
t+

1

2
\Delta t

\biggr) 
= \vec{}vi

\biggl( 
t - 1

2
\Delta t

\biggr) 
+

1

mi

\vec{}Fi (t)\Delta t (2.8)

\vec{}ri (t+\Delta t) = \vec{}ri (t) + \vec{}vi

\biggl( 
t+

1

2
\Delta t

\biggr) 
\Delta t (2.9)

This algorithm computes velocities at time t+ 1
2
\Delta t from the forces \vec{}Fi (t) computed at time t

and velocities from previous time steps t - 1
2
\Delta t. As a next step, the positions at time t+\Delta t

are updated. The used algorithm may be modified depending on the additional thermostats

and intermolecular constraints [112, 113]. For the integration of the Langevin equation,

where equation 2.5 also includes the velocity dependent friction force and the additional

random force, the integration scheme has to be additionally modified. [109]

Advanced simulation techniques

For a system containing N atoms, the computational effort required for calculating the

interactions between the atoms increases as N2 with the system size, which makes the

calculations increasingly prohibitive. Thus, in order to calculate interactions inside of large

systems or over long times, it is necessary to employ advanced simulation techniques. For

instance, the computing time for the short-range, van-der-Waals interactions can be reduced

by defining an interaction cut-off, i.e. a maximum distance between atom pairs for which the

interactions are calculated. For the calculation of the long-range electrostatics interactions,

GROMACS employs the particle mesh Ewald (PME) technique, which drastically reduces

the CPU time required for the charged particle interactions. The PME method is discussed

in more detail further below.
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2.2. Molecular dynamics and stochastic dynamics computer simulations

Particle mesh Ewald

In order to compute the electrostatic interactions in a system that consists of N atoms,

Coulomb interactions have to be summarized over all N particles in a so called direct sum

approach:

U\mathrm{C}\mathrm{o}\mathrm{u}\mathrm{l} =
1

4\pi \varepsilon 0\varepsilon r

N\sum 
i \not =j

qiqj
rij

(2.10)

This calculation method is slow, inaccurate and only conditionally convergent. Thus, in

GROMACS, the electrostatic interactions are computed by PME, which is an efficient and

faster converging algorithm [114, 115], compared to the direct summation approach. The

accuracy of the PME can be optimized and the computation time scales with N \mathrm{l}\mathrm{o}\mathrm{g}N ,

which is substantially faster compared to the scaling of the ordinary direct summation.

In PME, the charges are assigned to a real-space grid using interpolation, which is then

Fourier-transformed with a 3D FFT algorithm and thus the electrostatic interactions are

calculated in the Fourier-space, instead. In Fourier-space, the pair electrostatic potential

is obtained by solving a discretized Poisson equation by using a plane wave method, which

computes a single sum over the wave vectors of the reciprocal grid. This sum is quickly

convergent and sufficiently accurate for even a small number of wave vectors in the sum. For

instance, if the box length is 10 nm, then 167 wave vectors would be sufficient to calculate

electrostatic energies accurately to about 5\cdot 10 - 3. This would result in a total of 83 grid

points, which would correspond to a mesh size of 0.12 nm. Since the Lennard-Jones energies

are not calculated with an accuracy as high as 5\cdot 10 - 3, it is possible to increase the mesh size

slightly, to find a good compromise between accuracy and speed. The short-range Coulomb

interactions (between atom pairs within the defined cut-off distance), are calculated in real-

space and added to the long-range part obtained in Fourier-space.

Constant pressure simulations

In order to sample the NPT ensemble in MD and SD simulations, GROMACS employs the

Berendsen algorithm [116] that rescales the coordinates and box lengths at every time step
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referring to a defined constant reference pressure, P0, with a scaling constant

\mu = 1 - \beta \Delta t

3\tau P
(P0  - P ) (2.11)

until the current pressure P becomes P0. Here, \beta represents the isothermal compressibility

of the system and, together with the relaxation time \tau P , determines the rate of temperature

equilibration. The pressure scaling can be isotropic as well as anisotropic, where the latter

can lead to a deformation of the simulation box, as the box geometry can conform to the

structure inside, even when the structure varies during the simulation. For the simulations

presented in this thesis, we use the Berendsen barostat due to its stability and ability to

reproduce an average constant pressure during the simulation. However, as the Berend-

sen algorithm does not lead to the correct NPT distribution, we verify selected results by

employing the Parrinello-Rahman barostat [117, 118].

Constant temperature simulations

In SD simulations, the temperature of the system is controlled by coupling the system to

an external heat bath through the stochastic- and friction-term inserted in the Langevin

equation 2.6. The procedure employed in MD to keep the system temperature constant

is to rescale atomic velocities at every time step so that the kinetic energy of the system

stays conserved. In order to recreate the NV E (also called canonical) ensemble and correct

kinetic energy distribution, the target value for the kinetic energy oscillates according to a

stochastic Wiener process [119]. Thus, the deviation of the system temperature from the

target temperature T0 is slowly corrected according to the expression

dT

dt
=

T0  - T

\tau 
(2.12)

where \tau is a temperature coupling time constant that controls the rate of the temperature

equilibration.
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Model specifics of p-6P, a-SiO2 and ZnO and force fields

In order to use MD and SD simulations, we need to construct models for the investigated

organic molecules, ZnO and a-SiO2 on an all-atom level. As discussed in section 2.2, each

atom is represented by a point-mass with van-der-Waals radius and with a point-charge (i.e.

partial charge) in the center of each atom. Non electrostatic force field parameters are taken

from the generalized Amber force field (GAFF), which is based on experiments and theoret-

ical calculations of benzene, biphenyl and many more COMs [51]. The friction constant \xi i

is set to 1.0 ps - 1, which ensures both a constant average temperature and sufficiently large

random micro-fluctuations. Particle Mesh Ewald (PME) is employed to calculate long-range

electrostatic interactions. The structural properties of the single P, p-2P, p-3P, p-4P, p-6P,

p-6P2F and p-6P4F molecules, together with the ZnO
\bigl( 
1010

\bigr) 
and the a-SiO2 surface, known

from experiments and calculations, were already provided in section 2.1. In this section we

discuss how they translate into atomistic models. Due to the structural similarity of the

studied organic molecules, where the difference in structure is introduced by varying the

molecular length, we will discuss the employed atomistic model on the example of the p-6P

molecule.

The p-6P molecule model

The torsional angles between the planes of the neighboring benzene rings, together with bond

lengths and the total molecular lengths are reproduced by the internal potential energy U

of the molecule. The total potential energy, U , is the sum of (i) bond, (ii) torsional, (iii)

angular, (iv) Lennard-Jones, and (v) Coulomb potentials (equation 2.3).

U = U\mathrm{b}\mathrm{o}\mathrm{n}\mathrm{d} + U\mathrm{t}\mathrm{o}\mathrm{r} + U\mathrm{a}\mathrm{n}\mathrm{g} + U\mathrm{L}\mathrm{J} + U\mathrm{C}\mathrm{o}\mathrm{u}\mathrm{l} (2.13)

The force field parameters that determine (i) to (iv) energy contributions are taken from

GAFF [51]. The partial charges are taken from the previous work [76], where the values are

estimated by using the Gaussian 09 software [120] with the B3LYP functional [121, 122] and

the cc-PVTZ basis set [123] and applying an electrostatic potential fit (ESP).

The molecular structure is the result of several competing intermolecular interactions
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(a) (b) (c)

Figure 2.5: Illustration of the simulated model of the a) ZnO/p-6P, b) ZnO/p-6P2F and c) ZnO/p-6P4F
system. The ZnO

\bigl( 
1010

\bigr) 
surface is simulated in slab-geometry with dimensions 4.935 nm \times 5.240 nm, with

periodic boundary conditions applied in a and c directions.

balancing each other at any given time and any change in internal molecular configuration

inevitably changes the total internal energy. For example, the \pi -bonds of \mathrm{s}\mathrm{p}2-hybridized

benzene rings tend to align the rings into the planar configuration (due to conjugation),

while at the same time the repulsive interaction between their ortho-hydrogens [85] favors

a twisted configuration of the molecule [85]. Additionally, adding an external potential U\mathrm{e}\mathrm{x}\mathrm{t}

to equation 2.13 will change bond lengths, angles and twist angles simultaneously.

The ZnO
\bigl( 
1010

\bigr) 
surface

The interactions between the p-6P and the inorganic ZnO surface (see figure 2.4) are de-

scribed with the intermolecular LJ and Coulomb potentials. In our simulations,the degrees

of freedom of the ZnO atoms are frozen, which means that the intramolecular interactions

between the atoms of the ZnO (i.e. Zn-Zn, O-O and Zn-O interactions) are not calculated.

Thus, the atoms of the ZnO surface are frozen in time and space and thus contribute to a

static surface potential for the p-6P. Freezing the ZnO degrees of freedom is a compromise

to speed up the simulations and provide an adequate sampling of the phase space for the

molecule.

The ZnO surface slab is comprised of Na \times Nc \times Nz = 15 \times 10 \times 6 ZnO unit-cells. The

surface slab is created by periodically repeating the unit-cell in a and c-directions with the

respective box lengths La = 4.935 nm and Lc = 5.240 nm, with unit-cell parameters taken

from experiments [15] and provided in Table 2.2. Surface partial charges are taken from

Ref. [15] and amount to q\mathrm{Z}\mathrm{n} = 0.95 e and q\mathrm{O} =  - 0.95 e. These values are calculated by
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(a) (b) (c) (d) (e)

Figure 2.6: Illustration of the simulated model a-SiO2/p-6P system. The ZnO
\bigl( 
1010

\bigr) 
surface is simulated

in slab-geometry with periodic boundary conditions in respect to a and c. The angle \theta is the angle between
the long molecular axis of an overlying p-6P and the a-axis.

fitting the electrostatic field calculated by solving Poisson’s equation to the electrostatic field

generated in density functional theory calculations. Therefore, the provided values are only

approximate. However, similar partial charge values (with a deviation of about \pm 25\%) are

found in literature, [124, 125, 126, 127] and provide a reasonable classical representation

of the charges. Explicit polarization effects of the organic molecule and the surface are not

considered in this study, as the main focus lies in considering the contribution of electrostatic

interactions to the diffusion process.

The a-SiO2 surface

To obtain the amorphous model of the surface, the common procedure is to randomize

the crystalline silica structure in a set of MD temperature annealing steps, as described

in Ref. [128]. The cristoballite unit cell is periodically replicated to fill a cubic volume,

with box dimensions big enough to contain a nanodevice. Then, the temperature of the

system is gradually increased to 8000 K to allow the randomization of the crystal silica

structure. Following that step, the temperature is again gradually decreased to 300 K. The

resulting annealed and equilibrated silica structure is provided in Ref. [128], where several

force fields were tested to reproduce the correct hydrophobicity of the surface. This property

was quantified by calculating the water contact angle, which is defined as the angle between

the tangent of a water droplet and the surface plane.

The a-SiO2 bulk structure with final dimensions of 5.56x5.59x5.67 nm3 is taken from

Ref. [128] and equilibrated for 5 ns, with a time step of 0.002 ps, in the NVT ensemble at T =

300 K. Interatomic interactions in a-SiO2 are modeled by Lennard-Jones (LJ) and Coulomb

interactions to account for van der Waals and electrostatic interactions, respectively. Partial

charges placed on individual Si and O atoms together with the LJ potential parameters

30



Chapter 2. Models and methods

Figure 2.7: Schematic representation of the three different growth modes for the growth process near
thermodynamic equilibrium: (a) Frank-van-der-Merwe, known as layer-by-layer growth mode (b) Stranski-
Krastanov (c) Volmer-Weber growth known as island growth mode (with 3D "wedding’cake"-like islands).

taken from [129].The simulation involved 3872 silicon and 7744 oxygen atoms maintained

at the bulk density of 2.18 g/cm3, in close agreement with the experimental density of 2.20

g/cm3 [101]. Following the equilibration, the surface structure was exposed to vacuum in

the z-direction (i.e., periodic boundary conditions are kept only in x- and y-directions) and

simulated for additional 100 ps for the relaxation of the surface atoms.

Organic thin film growth models

There are three distinct growth modes for organic molecules: Frank-van-der-Merwe, Stranski-

Krastanov and Volmer-Weber. The three growth modes are only applicable for growth

procesesss near thermodynamic equilibrium, meaning they do not hold true for far-from-

equilibrium growth processes. Figure 2.7 illustrates the differences between the modes.

The Frank-van-der-Merwe growth scenario in Figure 2.7 a) corresponds to smooth, layer-

by-layer (LBL) growth. This means that the growth of each successive layer in this mode

starts only after the preceding layer is completed. This growth scenario is observed if the

adsorbed molecules are more strongly bound to the underlying surface than to each other

and the system gains energy by completely covering the surface. If the adsorbed molecules

are stronger bound to each other than to the substrate below, three-dimensional, rough

islands are formed and the growth can be described as Volmer-Weber (VW) growth mode,

as shown in Figure 2.7 c). The Stranski-Krastanov growth mode depicted in Figure 2.7 b)

is a combination of the two aforementioned growth modes, where the LBL growth mode

breaks after certain number of layers is completed, after which the molecules start forming

3D islands due to the energetic changes that stem from strain relaxation.

In the case of far-from-equilibrium growth processes, the growth is mostly dominated by

kinetic processes and the growing structures are not necessarily influenced by the molecule-
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Figure 2.8: Schematic representation of relevant kinetic processes that occur during growth: adsorption to
the surface, followed by surface diffusion and diffusion over the terrace, down to the layer bellow.

surface and molecule-molecule binding energies. Figure 2.8 depicts relevant kinetic processes

during growth. Molecules get adsorbed on the surface at a predefined deposition rate, which

in this work is of the order of 10 - 2-10 - 3 ps - 1. The adsorption, described by adsorption

free energies, is followed by diffusion process described by diffusion coefficients that follow

the Arrhenius law (see eq. 2.31) and diffusion energy barriers that enter in the exponent

of eq. 2.31. Both in experimental and simulation reality, molecules often grow forming

structures with structural irregularities such as step edges, over which molecules diffuse if

the step edge or Ehrlich-Schwöbel (ES) barrier is low enough.

As the terrace crossing in our system is usually a rare event due to the relatively high ES

barriers, the interlayer mass transport can be suppressed and the growth of rough islands

can start to occur.

The simulation approach for the calculation of the ES barrier will be discussed in Sec-

tion 2.4.2, while the methods for the calculation of the adsorption energy and the diffusion

energy barrier will be introduced in Sections 2.4.4 and 2.5, respectively.

Derivation of free energy landscapes

The free energy referred to in this thesis is the Helmholtz free energy, given by A = U  - TS.

It is the thermodynamic potential of the NV T (canonical) ensemble, which is assumed

to be the equilibrium ensemble generated in MD simulation, at constant temperature and

constant volume. The change in free energy is equal to the amount of reversible work done
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in a thermodynamic system at a constant temperature. Important physical properties of a

system can be calculated from the free energy differences, such as binding properties [130],

diffusion and folding [131] and nucleation rates [132]. There are several efficient algorithms

developed for free energy calculations from the trajectories obtained in MD simulations [133].

This section discusses two of such methods.

Unconstrained simulations

The expression for the Helmholtz free energy of the system can be written as

A =  - kBT \mathrm{l}\mathrm{n}Q

where kB represents the Boltzmann constant, kB = 0.008314 kJ/mol, T is the system temper-

ature and Q is the canonical partition function. Thus, knowing A requires a prior estimation

of Q. Since we are interested in the free energy difference \Delta A between the two states 1 and

2, the change in the free energy is equal to:

\Delta A =  - kBT \mathrm{l}\mathrm{n}

\biggl( 
Q2

Q1

\biggr) 
(2.14)

For the state 1 to transform into state 2 through a continuous change of some variable, the

change must be slow enough so that the system remains in equilibrium during the process,

for the change to be reversible. Thus, we can assign a probability for the occurence of each

state and Qs can be expressed through a probability distribution (PD) of finding a system

in that state, Ps:

\Delta A =  - kBT \mathrm{l}\mathrm{n}
P2

P1

. (2.15)

In our simulations, the state of the system can be defined, for example, by the x-coordinate

of the molecular center-of-mass, so P (x) would be the PD of finding the molecule at position

x on the surface. Thus, the free energy difference is obtained as

\Delta A (x) =  - kBT \mathrm{l}\mathrm{n}
P2 (x)

P1 (x)
(2.16)

as the difference between the free energy value at position x (state 1) and the global free

energy minimum value (state 2).
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To accurately determine the free energy of the system, the simulation has to be long

enough so that the phase space is explored ergodically, i.e. every point in phase space is

visited during the simulation and all energy states are adequately sampled. Simulations in

which the configurational space is explored ergodically will be referred to as unconstrained

simulations, from now on.

Constrained simulations

When free energy barriers are high and the spontaneous barrier crossing events are rare dur-

ing the limited simulation time, a more efficient way to calculate free energy differences is by

employing constrained simulations, for example, umbrella sampling (US) simulations [134].

US is an enhanced sampling method, that can sample dynamics along the reaction coor-

dinates, from which it is possible to estimate the free energy differences between different

states, along the chosen reaction coordinate. More precisely, US biases the dynamics of the

molecule along the reaction coordinate by using a harmonic potential. The strength of the

harmonic potential is defined by the force constant k that is connected to the molecular

center of mass. For each constrained position along the reaction coordinate, a biased proba-

bility distribution (PD) is calculated, which needs to be unbiased afterwards. The molecular

motion is constrained so that the rare events are adequately sampled, provided there is a

smooth transition between different states along the reaction coordinate.

We employ this method to calculate the barrier for the step-edge crossing (Ehrlich-

Schwöbel barrier), introduced in Section 2.3.4. For this, we prepare a set of initial, Ni,

configurations by pulling the molecule along the reaction coordinate (accross the surface

with a step) with the help of a moving harmonic potential. The molecule in each win-

dow i that corresponds to a position x = xi is constrained by a biasing US potential

V (x - xi) =
1
2
kx (x - xi)

2 with a center at position xi. The value of the spring constant kx

is chosen so that the molecule samples a narrow phase space around x = xi, typically equal

to 0.1 nm. To reduce the statistical error in the matching procedure and thus to reproduce

the correct free energy profile, the resulting PDs have to overlap. The choice of kx ensures

a sufficient overlap between adjacent umbrella windows that leads to a smooth transition

between different states along the reaction coordinate.
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After the set of US simulations is finished, we apply the weighted histogram analysis

method (WHAM) to combine the biased PDs from the independent umbrella windows to

recover the unbiased PD as a function of the reaction coordinate [135]. To compute the

unbiased free energy Ai (x) for the window i, it is necessary to subtract the biasing har-

monic potential V (x - xi) and the constant free energy shift Fi from the biased free energy

Ab
i (x) =  - kBT \mathrm{l}\mathrm{n}P b

i (x) of window i. To get free energy as a function of the reaction coordi-

nate, A (x), over the whole x range of interest, biased PDs of adjacent windows are combined

together after which the full unbiased PD is computed. Finally, the WHAM equations follow

from the minimization of:

P (x) =

\sum Ni

i=1 P
b
i (x)\sum Ni

i=1
1
\mu i
\mathrm{e} - \beta V (x - xi)

, (2.17)

\mu i =
xmax\sum 

x=xmin

P (x) \mathrm{e} - \beta V (x - xi). (2.18)

This set of coupled equations is solved iteratively until convergence is reached. After the the

unbiased P (x) is converged, the free energy, A (x), can be calculated from the Boltzmann

inversion \Delta A (x) =  - kBT \mathrm{l}\mathrm{n}P (x).

We divide our molecule-surface system into i = 1,\cdot \cdot \cdot ,100 umbrella windows in the range

0\leq xi \leq 5.0 nm with a neighbour distance xi+1  - xi = 0.1 nm. Each umbrella-window is

simulated for 100 ns with the center-of-mass of the molecule harmonically constrained in

the x-direction with a spring constant kx
2

= 50000 kJ (mol nm2) - 1. The motion in z and

y-directions is not constrained, neither is the rotation around the center-of-mass.

Calculation of potential energies and entropies from free energy dif-

ferences

In thermodynamics, the free energy of the system can be written as

A (x) = U (x) - TS (x) (2.19)
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2.4. Derivation of free energy landscapes

where U (x) is potential energy and S (x) is entropy at temperature T. Equation 2.19 can

be used to calculate the potential energy U (x) as a function of the reaction coordinate x at

temperature T once the entropy TS (x) and the free energy landscape A (x) are provided.

Firstly, to calculate A (x), we extract from the simulation trajectories the (one-dimensional)

equilibrium probabilities P (x) for finding the COM of the molecule at position x. The free

energies are obtained from the Boltzmann inversion

A (x) =  - kBT \mathrm{l}\mathrm{n}P (x) . (2.20)

Since free energy is calculated at different temperatures, the entropy S (x) can be ob-

tained from S (x) =  - \partial A (x) /\partial T . The derivative is calculated numerically using the finite-

differences scheme generally written as

S (x) \simeq  - A(x, T +\Delta T ) - A(x, T  - \Delta T )

2\Delta T
. (2.21)

The potential energy then follows from

U (x) = A (x, T ) + TS (x) . (2.22)

The surface binding energy

The surface binding energy of a molecule to the underlying surface is defined as the difference

between the total energies of the system in the adsorbed state (i.e. bound to the surface)

and in the unbound state,

U \mathrm{s}\mathrm{u}\mathrm{r}\mathrm{f}+\mathrm{m}\mathrm{o}\mathrm{l}
\mathrm{b}\mathrm{i}\mathrm{n}\mathrm{d} = U \mathrm{s}\mathrm{u}\mathrm{r}\mathrm{f}+\mathrm{m}\mathrm{o}\mathrm{l}

\mathrm{t}\mathrm{o}\mathrm{t}  - 
\bigl( 
U \mathrm{s}\mathrm{u}\mathrm{r}\mathrm{f}
\mathrm{t}\mathrm{o}\mathrm{t} + U\mathrm{m}\mathrm{o}\mathrm{l}

\mathrm{t}\mathrm{o}\mathrm{t}

\bigr) 
, (2.23)

where U \mathrm{s}\mathrm{u}\mathrm{r}\mathrm{f}+\mathrm{m}\mathrm{o}\mathrm{l}
\mathrm{t}\mathrm{o}\mathrm{t} is the total energy of the system when the molecule is adsorbed on the

surface, U \mathrm{s}\mathrm{u}\mathrm{r}\mathrm{f}
\mathrm{t}\mathrm{o}\mathrm{t} is the energy of the surface without the molecule, and U\mathrm{m}\mathrm{o}\mathrm{l}

\mathrm{t}\mathrm{o}\mathrm{t} the energy of the

single molecule without the surface.
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Chapter 2. Models and methods

Single-particle diffusion

Diffusion is the process in which the adsorbate moves between adjacent adsorption sites or

stable states on the surface with a certain transition rate. The rate of diffusion is determined

by the collisions between atoms of the molecule and atoms of the surface and, in the case

of the SD simulations, by collisions with the particles of the heat-bath that the system

is coupled to. The self-diffusion coefficient of the particle j, diffusing along the reaction

coordinate x, can be expressed through the usual Stokes-Einstein (fluctuation-dissipation)

relation

D =
kBT

Mj\xi 
, (2.24)

where Mj is the mass of the particle and \xi is the bath friction constant in units of ps - 1. The

time evolution of the particle’s probability density function \rho (xj, t) follows the Smoluchowski

equation

\partial \rho (xj, t)

\partial t
=

\partial 

\partial xj

\Biggl( 
D

\Biggl[ 
\partial 

\partial xj

 - 
\vec{}F\mathrm{e}\mathrm{x}\mathrm{t} (xj)

kBT

\Biggr] 
\rho (xj, t)

\Biggr) 
(2.25)

In the Langevin approach 2.6, where a random force generates exact particle positions, in

the Smoluchovski equation the particle position is a stochastic variable. However, for the

constant friction these two approaches are equivalent to each other.

In this section, we will discuss the potential applications of the Smoluchovski equation

such as determination of the diffusion coefficients.

Mean square displacement and the Einstein relation

In a one-dimensional system, the displacement of the particle will be either a step forward

(+) or a step backward (-). Since both steps have the equal probability to occur, it is not

possible to predict one or the other direction of motion. This leads to the conclusion that

the distance a particle can travel is close to zero. Nevertheless, if we choose not to sum

the respective displacements, but rather the square of the displacements, the result is a

non-zero, positive quantity of the total squared distance traveled. Thus, we define the MSD\bigl\langle 
(xj (t) - xj (t0))

2\bigr\rangle of a particle j as the square of the displacement along the x coordinate,
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2.5. Single-particle diffusion
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Figure 2.9: Schematic \mathrm{l}\mathrm{o}\mathrm{g}-\mathrm{l}\mathrm{o}\mathrm{g} illustration of the mean square displacement (MSD) of a center-of-mass
of the particle j along the reaction coordinate, x, with the corresponding diffusion coefficient defined as
D = kBT/Mj\xi . The MSD is proportional to t2 for times shorter than the inverse bath friction constant
(t - t0 \ll \xi  - 1). For time scales t - t0 \gg \xi  - 1, MSD becomes a linear function of time.

which the particle traveled in the time t, starting from an initial time t0, averaged over

many time intervals. After solving the Smoluchowski equation for the particle immersed in

a heat-bath with constant friction, the MSD of the diffusing particle can be derived as\bigl\langle 
(xj (t) - xj (t0))

2\bigr\rangle = 2kBT

Mj\xi 

\biggl( 
| t - t0|  - 

1

\xi 
+

1

\xi 
\mathrm{e}\mathrm{x}\mathrm{p} ( - \xi | t - t0| )

\biggr) 
(2.26)

For very short times, (t - t0 \ll \xi  - 1), the MSD becomes a function of t2

\bigl\langle 
(xj (t) - xj (t0))

2\bigr\rangle = \bigl\langle 
\.x2
j

\bigr\rangle 
Mj

t2. (2.27)

This means that the particle moves ballistically during this time, as it has not experienced

enough random collisions with the particles of the bath and its velocity \.xj (t) is not decor-

related from its initial value \.xj (t0).

For very long times, (t - t0 \gg \xi  - 1), the MSD becomes a linear function of time following

the Einstein relation\bigl\langle 
(xj (t) - xj (t0))

2\bigr\rangle = 2kBT

Mj\xi 
t = 2Dt (2.28)
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Chapter 2. Models and methods

For the motion in two dimensions eq. 2.28 transforms into\bigl\langle 
(xj (t) - xj (t0))

2\bigr\rangle = 4kBT

Mj\xi 
t = 4Dt (2.29)

The rotational diffusion coefficient is calculated similarly as\bigl\langle 
(\theta j (t) - \theta j (t0))

2\bigr\rangle = 2kBT

Mj\xi 
t = 2Dt (2.30)

where \theta corresponds to the orientational angle between the LMA and x- or y-axis. Both

discussed cases are illustrated in figure 2.9. The slope of the MSD is the diffusion coefficient

D, that can be obtained from a linear fit of the time-averaged MSDs from MD and SD

trajectories.

Calculation of the entropic barriers in surface diffusion

For a wide range of adsorbates, the temperature dependence of molecular surface diffusion

is well described by the Arrhenius model for the activated diffusion process [136, 137]

D(T ) = D0 \mathrm{e}\mathrm{x}\mathrm{p}

\biggl( 
 - \Delta E

kBT

\biggr) 
. (2.31)

Using eq. (2.31), the diffusion pre-exponential factor D0 as well as the diffusion energy barrier

\Delta E can be extracted from the knowledge of the diffusion coefficient at different temperatures.

As the diffusion is interpreted as activated jumps over a typical length scale with a transition

rate, according to the canonical multidimensional transition state theory [138, 139] (TST),

the prefactor in eq. (2.31) then contains the following parameters:

D0 = \nu 0a
2 \mathrm{e}\mathrm{x}\mathrm{p}

\biggl( 
\Delta S

kB

\biggr) 
(2.32)

where \nu 0 is the attempt frequency for a jump between neighbouring potential minima on the

surface, a is the average jump distance, and \Delta S is the entropy of the free energy barrier for

diffusion. By transforming eq. (2.32), we can calculate the entropic contribution, T\Delta St, to

the free energy barrier for diffusion as

T\Delta St = kBT \mathrm{l}\mathrm{n}

\biggl( 
Dt(T )\nu 0(T )

 - 1a - 2 \mathrm{e}\mathrm{x}\mathrm{p}

\biggl( 
\Delta Et

kBT

\biggr) \biggr) 
, (2.33)

after having estimated all the aforementioned diffusion parameters.
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2.5. Single-particle diffusion

Estimation of the diffusion attempt frequencies

For the characterization of attempt frequencies it is useful to inspect the short-time relaxation

of the molecules via time-dependent auto-correlation functions (ACFs). For an ensemble of

N atoms we can calculate, in particular, the velocity-velocity ACF as [140]

\langle \vec{}v(0)\vec{}v(t)\rangle = \langle 
N\sum 
i=1

\vec{}vi(\tau 0)\vec{}vi(t+ \tau 0)\rangle /N (2.34)

averaged over all starting times \tau 0 and over trajectories of all atoms N .

In our system governed by Langevin dynamics, the ballistic motions of the atoms of the

molecule are interrupted by collisions with the underlying surface atoms. These collisions

change the velocity of each atom and cause the loss of memory about the initial velocity.

Expansion of the short-time part of the velocity ACF in a Taylor series leads to [141]

Z(t) =
kBT

M
(1 - \Omega 2

0t
2/2 + ...) (2.35)

Here M is the mass of the molecule and \Omega 0 is the Einstein frequency. The latter can be

expressed in terms of the average squared force (in equilibrium) exerted on the center of

mass of the molecule by the interacting molecular environment [142]:

\Omega 2
0 =

\langle | F | 2\rangle 
3MkBT

(2.36)

Hence, the frequency \Omega 0 represents a frequency of vibration of the molecule in the poten-

tial well imposed by the interaction with the underlying surface atoms. In the simplest

approximation described in Ref. [143] the attempt frequency is the harmonic frequency of

the molecule in the potential minimum (i.e, estimated from the energy curvature at the

minimum). This attempt frequency of a simple harmonic oscillator is computed by

\omega 2 =
k

M
(2.37)

where k is the force constant and M is the mass of the molecule. By solving a Gaussian

integral for the average squared harmonic force, it is easy to show that, in the harmonic

approximation, \omega from eq. (2.37) is equal to \Omega 0 from eq. (2.36) (Einstein frequency). This

allows us, instead of estimating the force constant k from the potential energy curvature,

to calculate the attempt frequency using eq. (2.36) directly, with \langle | F | 2\rangle accessible from the
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Chapter 2. Models and methods

available simulation trajectories.

However, after the short time part, characterized by a plateau in the ACF, the func-

tion, now following overdamped dynamics, is expected to decay to zero following a rapid,

exponential decay [141]

\langle \vec{}v(0)\vec{}v(t)\rangle \propto e - 
t
\tau (2.38)

characterized by the relaxation time \tau which should match the inverse Einstein frequency, if

we assume relaxation of a Brownian particle in a perfect harmonic confinement.

Hence, a good fit of the calculated ACFs might be provided by a function that starts like

expansion eq. (2.35) and then decays rapidly to zero, as eq. (2.38). In order to estimate

the attempt frequency directly from the ACFs we can thus fit a harmonic function or an

exponential function. Roughly satisfying both, we can also employ the Gaussian function

\langle \vec{}v(0)\vec{}v(t)\rangle \propto \mathrm{e} - t2/\tau 02 (2.39)

to obtain \tau 0 which is the timescale of molecular relaxation around a stable position, before

a jump occurs. Thus, we decided to define the inverse of this relaxation time, \tau  - 1
0 , as the

attempt frequency \nu 0 for a jump contained in the prefactor of eq. (3.1). However, we also

compare to the other definitions introduced further above and show that all definitions lead

to essentially the same results, being always close to the TST prediction, \nu 0 = kBT/h, with

variations insignificant for our entropy quantification.

Estimation of the average diffusion jump length

The average jump length, a, can be calculated by applying the van Hove self-correlation

function [141]

G (\vec{}r, t) =
1

N

\Biggl\langle 
N\sum 
i=1

\delta (\vec{}r + \vec{}ri (0) - \vec{}ri (t))

\Biggr\rangle 
(2.40)

to the molecular trajectory. Eq. (2.40) describes the probability of finding the center-of-

mass of a molecule i at a position r at time t, knowing that it was at the origin at t = 0.

Analogously, the self-correlation function for the orientation can be calculated.
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2.5. Single-particle diffusion

Additional note on the diffusion coefficients in SD simulations

In our SD simulations of surface diffusion, the total friction \xi \mathrm{t}\mathrm{o}\mathrm{t} that is imposed on the

molecule during its diffusion on the surface can be separated into two independent contri-

butions. The first contribution comes from the interaction of surface atoms with atoms of

the molecule. This is the molecule-surface friction \xi ms. The second, auxiliary contribution

comes from the random force that we employ to maintain a full energy dissipation and par-

titioning among the system components. This is the molecule-bath friction \xi mb. These two

independent (uncorrelated) contributions are additive [144]. The total friction coefficient \xi \mathrm{t}\mathrm{o}\mathrm{t}

can be calculated from the usual Stokes-Einstein relation for Brownian surface diffusion:

\xi \mathrm{t}\mathrm{o}\mathrm{t} =
kBT

MD\mathrm{t}\mathrm{o}\mathrm{t} (T )
, (2.41)

where D\mathrm{t}\mathrm{o}\mathrm{t} (T ) is the T -dependent total diffusion coefficient, M is the mass of the molecule

and kBT is the thermal energy. With the known Langevin (bath) friction of \xi mb, that is

set as an input parameter for the simulation, \xi ms simply follows as \xi ms = \xi \mathrm{t}\mathrm{o}\mathrm{t}  - \xi mb. The

reciprocal diffusion coefficient in eq. (2.41) can also be split in two parts as 1/D\mathrm{t}\mathrm{o}\mathrm{t} (T ) =

1/Dmb (T ) + 1/Dms (T ). In this thesis, we are interested only in the diffusion coefficient

without the contribution of the thermostatting bath,

Dms (T ) =

\biggl[ 
1

D\mathrm{t}\mathrm{o}\mathrm{t} (T )
 - 1

Dmb (T )

\biggr]  - 1

. (2.42)

For the rest of the study, we define this as our translational diffusion coefficient Dt (T ) :=

Dms (T ). The same treatment can be employed for the rotational diffusion as well.
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Quantifying entropic barriers in single-molecule

surface diffusion

In this chapter, we will introduce a method for the calculation of the entropic barriers in

surface diffusion of single oligophenyl molecules of various lengths (2 to 6 phenyl rings, and

benzene as a reference) on an amorphous silica surface.

Molecular diffusion on surfaces is typically described by an activated process following the

Arrhenius law, with the diffusion energy barrier in the exponent and a prefactor containing

the jump length, the attempt frequency, and in particular all entropic contributions, also en-

tering exponentially. We perform the decomposition of a prefactor in the Arrhenius equation

for single oligophenyl molecules of various lengths on an amorphous silica by an in-depth

analysis of long (\simeq \mu s) atomistic molecular dynamics simulations.

In section 3.2, we demonstrate the linear scaling of the binding enthalpy, binding free

energy and entropy of binding with the chain length. Section 3.3 focuses on estimating

the diffusion energy barriers from the Arrhenius equation. In section 3.4 we decompose the

Arrhenius prefactor by separating the contributions of the average jump length, diffusion

entropy and attempt frequency for different chains. Section 3.5 investigates the dependence

of the rotational diffusion energy barrier on the chain length and gives estimates for the

rotational entropic barriers for the studied molecules. Finally, in section 3.6 we discuss the

influence of surface vibrations on the diffusivity of molecules.

Simulation details

The details of the model are specified in section 2.3.2. To study the dynamics of surface

diffusion, the motion of the molecules is simulated at temperatures ranging from 300 K to

660 K. The long range Coulomb interactions in the system are computed by the Particle

Mesh Ewald (PME) method, [145] using a Coulomb cutoff distance of 1 nm with interpolation

order 4 and 30 \times 20 \times 35 grid points in x, y and z directions. For the vdW interactions

a cutoff of 1.0 nm was applied. Positions and velocities of the molecules are saved at every
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3.2. Binding free energy to the surface

Table 3.1: The torsional angle, \varphi C - C , taken as a mean of the torsional angle distribution of the adsorbed
molecules and its variance, \sigma 2.

p-2P p-3P p-4P p-6P

\varphi C - C [°] \sigma 2 \varphi C - C [°] \sigma 2 \varphi C - C [°] \sigma 2 \varphi C - C [°] \sigma 2

Free 12.91 8.84 34.31 19.38 34.43 21.34 34.32 19.15

Adsorbed 11.82 8.59 27.50 17.37 26.93 18.56 27.01 16.70

time step. Atoms in the bottom layer of the surface of thickness 1 nm were simulated

fixed to their initial relaxed positions, to serve as a structural template for the thermalized

amorphous a-SiO2 surface.

Binding free energy to the surface

First, we determine the most probable torsional angles for each molecule and compare them

between the molecular free and adsorbed state in Table 3.1 to examine the influence of

the adsorption on the molecular internal motion. For all investigated molecules, torsional

freedom is reduced due to the interaction with the underlying substrate. This is especially

visible in the case of longer chain (p-3P to p-6P) molecules, indicating stronger adhesion to

the substrate.

We calculate the binding free energy from the potential of mean force (PMF) between

the COM of the molecules and the surface at T = 300 K, shown in Fig. 3.1(b). When the

molecule is fully detached, the PMF becomes constant with the distance, indicating that

we simulated sufficiently far away from the surface in the vacuum reference state, where no

atom of the molecule is inside the short-range interaction cut-off distance of any atom of

the surface and the long-range Coulomb PME interactions are negligible. We determine the

binding free energy \Delta Fb as the difference between the plateau region of the PMF curve and

the global free energy minimum of the curves at z0 equal to 0.26, 0.24, 0.21, 0.19 and 0.17

nm for the P, p-2P, p-3P, p-4P and p-6P, respectively.

Fig. 3.1(b) shows that the calculated free energy of binding \Delta Fb is a linear function of the

molecular chain length, decreasing from about  - 48 kJ/mol for benzene (P) to  - 145 kJ/mol

for 6P. The binding strength increases with an increase in the chain length with an increment
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Figure 3.1: (a) Potential of mean force (PMF) between molecule and substrate as a function of the molecular
center-of-mass (COM) distance from the substrate surface, calculated at T = 300 K. The global minimum
defines the adsorbed states of the molecule with respect to the reference in vacuum (limit of large distances).
(b) Free energy, \Delta Fb, potential energy, \Delta Ub, and entropy of binding, T\Delta Sb, as a function of chain length for
the investigated molecules. The binding free energy is increasing nearly linearly with an increase in number
of phenyl units with an increment of 19.2 kJ/mol per added phenyl unit (red dotted line). The black dotted
line extrapolates the hypothetical increase of binding energy based on the deposition of the first phenyl ring
(N = 0 \rightarrow N = 1). The error bars of \Delta Fb are the standard deviations of the values in the plateau regions
of the PMF curves in (a).

of about 19.2 kJ/mol per added phenyl unit. The linearity of \Delta Fb implies that every phenyl

ring contributes equally to the binding, so that there is a similarity in binding conformations

of the molecules. The potential energy of binding, \Delta Ub, is calculated according to eq. (2.23)

together with the binding free energy, \Delta Fb, and entropy of binding, calculated as T\Delta Sb =

\Delta Ub  - \Delta Fb is also shown in Fig. 3.1(b). The increase in potential energy and entropy of

binding is also linear and amounts to 25.7 and 6.5 kJ/mol (\simeq 2.6kBT ) per added phenyl
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3.2. Binding free energy to the surface

unit, respectively.

The increase in the entropy of desorption with an increase in the molecular length was

already observed for desorption of small n-alkanes from the MgO(100), C(0001) and Pt(111)

surfaces [146, 147]. Moreover, the contribution of entropy of desorption to the total free

energy of desorption amounts to about 25% for the longest examined decane molecule,

while, interestingly, in our case the entropy of binding of p-6P contributes also close to

25% to the free energy of binding, as shown in Fig. 3.1 (b). The negative entropy indicates

an entropic penalty for binding, stemming from the constraints on the molecular degrees

of freedom (DOFs) upon adsorption. The loss of entropy therefore is partially cancelled

by the favorable energetic contribution in the total free energy of binding. Since overall

rigid-body translation and rotation is only reduced by one dimension (going from 3D to 2D

diffusion after adsorption) and according to equipartitioning [138] will contribute not more

than \sim 2 \cdot kBT/2 = 1kBT (\simeq 2.5 kJ/mol at room temperature), most of the large penalty for

the longer oligophenyls beyond benzene (P) must stem from constraining internal vibrating,

bending and torsional modes.

In order to access the contribution of the internal degrees of freedom to the surface bind-

ing entropy, we constrain intermolecular angles through superimposed harmonic potentials

(i.e. we make the molecules "rigid") and calculate the free energy, enthalpy and entropy

of binding of the p-2P, p-3P, p-4P and p-6P molecules. In this case, the entropic contribu-

tions, T\Delta Sb, to the free energy of binding, \Delta Fb, are about 40% smaller compared to the

entropy contributions shown in Fig. 3.1(b). The rigid body degrees of freedom contribute

3.5 kJ/mol per ring (\approx 3/2kBT ) and the internal degrees of freedom contribute 2.4 kJ/mol

per ring (\approx 1kBT ). This indicates that the torsional and angular intermolecular motion has

a considerable contribution to the net entropy of binding.

To investigate the effect of temperature change on the adsorption of the molecules on the

surface, we calculate the adsorption free energy, enthalpy and entropy at the temperature

T=500 K for the p-3P molecule. The free energy of binding decreases with an increase in T

(\Delta Fb(T=500 K)=56.57 kJ/mol), while the enthalpy of binding, \Delta Ub, is weakly dependent

on temperature (the resulting value is within the error of the value shown in Fig. 3.1(b)

and amounts to 97.96 kJ/mol). The resulting \Delta Sb, which was calculated as (\Delta Fb  - \Delta Ub)/T
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Chapter 3. Quantifying entropic barriers in single-molecule surface diffusion

amounts to 0.0082 kJ/(mol\cdot K) at T=500 K and 0.0074 kJ/(mol\cdot K) at T=300 K. Thus, we

conclude that the adsorption entropy does not sensitively depend on the temperature at the

investigated temperature range.

The black dotted line in Fig. 3.1(b) depicts the binding energy for the hypothetical en-

ergetic growth of binding based on the deposition of benzene (N = 0 \rightarrow N = 1). In other

words, this line predicts the total binding energy of N separate benzene molecules. It is thus

a simple estimate for the upper limit of the adsorption energy if the oligophenyls were in

their completely planar configuration (like a sum of planar benzenes), where the resulting

binding behavior would be then given by multiplying the binding free energy of one phenyl

unit by the number of added phenyl units, N . It is thus a simple estimate for the upper limit

of the adsorption energy if the molecules would not twist nor bend much. Hence, it could

be considered close to a zero Kelvin electronic DFT (density functional theory) calculation

where thermal molecular fluctuations are not considered. The longer the molecule (larger

N), such a prediction becomes increasingly worse because of the restriction of conformational

freedom that leads to a lesser energetic gain per added phenyl group and a linearly growing

entropic penalty.

Translational diffusion on the surface

The translational free energy barrier of diffusion can be decomposed into its energy and

entropy contributions as following: \Delta Ft(T ) = \Delta Et  - T\Delta St. These parameters are included

in the prefactor of the Arrhenius equation:

Dt(T ) = \nu 0(T )a
2 \mathrm{e}\mathrm{x}\mathrm{p}

\biggl( 
\Delta St

kB

\biggr) 
\mathrm{e}\mathrm{x}\mathrm{p}

\biggl( 
 - \Delta Et

kBT

\biggr) 
(3.1)

where \Delta St denotes the entropy of the free energy barrier for diffusion, \nu 0 is the attempt

frequency for a jump between neighbouring potential minima on the surface, and a is the

average jump distance. By transforming eq. (3.1), we can calculate the entropic contribution,

T\Delta St, to the free energy barrier for diffusion as

T\Delta St = kBT \mathrm{l}\mathrm{n}

\biggl( 
Dt(T )\nu 0(T )

 - 1a - 2 \mathrm{e}\mathrm{x}\mathrm{p}

\biggl( 
\Delta Et

kBT

\biggr) \biggr) 
, (3.2)
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3.3. Translational diffusion on the surface

after having estimated the other parameters for a molecule for the same temperature. While

the jump length a \simeq 0.45 nm is essentially temperature-independent, listed in Table 3.3, the

attempt frequency and diffusion are T -dependent. For our analysis we further assume that

\Delta E and \Delta S are temperature-independent.

Long-time diffusion coefficients and energy barriers

We present first the results of the single molecule surface-diffusion. The temperature-

dependent total diffusion coefficients are calculated according to Section 2.5.1, eq. (2.28),

from the mean square displacements (MSDs) of the molecular center-of-mass (COM). See

Fig. 3.2 (a)-(e) for the full MSDs. The translational diffusion coefficients, Dt, are plotted in
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Figure 3.2: Time-dependent mean square displacements for a) phenyl, b) p-2P, c) p-3P, d) p-4P and e) p-6P
molecules for various temperatures in Kelvin (see legends). Diffusive behaviour can be observed at long
times where the curves can be fitted by linear functions. Uncertainties of the diffusion coefficients can be
obtained from the error of the linear fitting.

Fig. 3.3 (a) as a function of inverse temperature for all investigated temperature windows.

We find indeed that they follow very well the Arrhenius law. Absolute values of the diffu-
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Chapter 3. Quantifying entropic barriers in single-molecule surface diffusion

sion constants are reported for the example of T = 500 K in Table 3.2, either from direct

simulation or extrapolated after the full analysis. As we see, they differ by more than three

orders of magnitude. A discussion of mean waiting times between consecutive jumps can be

found in Fig. S7 in [148].

Table 3.2: Comparison of the diffusion coefficients Dt (in units of nm2ps - 1), calculated according to
eq. (2.28), between the P, p-2P, p-3P, p-4P and p-6P for T = 500 K.

Molecule P p-2P p-3P p-4P p-6P

Dt 1.45\cdot 10 - 2 1.17\cdot 10 - 3 4.04\cdot 10 - 4 8.85\cdot 10 - 5 2.63\cdot 10 - 5

By fitting the diffusion coefficients to the Arrhenius eq. (3.1), we obtain the diffusion

energy barrier \Delta Et and its error. The energy barrier, \Delta Et, increases with molecular chain

length and amounts to 21.4, 33.2, 41.1, 51.7 and 64.1 kJ/mol for the P, p-2P, p-3P, p-4P and

p-6P molecules, respectively. Calculated values are in the range of already reported diffusion

energy barriers of similar organic adsorbates on metal and metal oxide surfaces [149, 54,

150]. Molecules with the higher number of phenyl units are crossing higher diffusion energy

barriers, due to their stronger adhesion to the underlying surface. Diffusion energy barriers

are about \sim 40-50% in the magnitude of the corresponding adhesion energies (for T = 300 K)

for all molecules, shown in Fig. 3.1.

Since \Delta Et is in the exponent of the Arrhenius equation, its error dominates the error of

the resulting free energy and entropy. Error contributions from other, linear variables, D,

a, \nu 0 are in most cases insignificant. Uncertainty of a factor 2, for example, in the attempt

frequency, v0, would only add k \cdot \mathrm{l}\mathrm{n}(2) to the resulting entropy, which is very small for all

simulated oligophenyls.

Estimation of the attempt frequency

As motivated in section 2.5.3, we obtain the attempt frequencies by fits of the velocity ACFs

of the diffusing molecules at T = 300 K to the Gaussian function, eq. (2.39), to obtain the

characteristic relaxation times, \tau 0. The results are shown in Fig. 3.4. We opt for a Gaussian

function as a fit function as rationalized in section 2.5.3. While eq. (2.35) fits well the short

time part of the VACF and eq. 2.38 fits the intermediate and long time parts, the Gaussian
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Figure 3.3: Arrhenius plots: (a) Logarithm of translational diffusion coefficients, Dt, as a function of inverse
temperature calculated for the P, p-2P, p-3P, p-4P and p-6P molecule. (b) Logarithm of rotational diffusion
coefficients, Dr, calculated using eq. (2.30), as a function of inverse temperature calculated for the P, p-2P,
p-3P, p-4P and p-6P molecules.

function roughly satisfies both and gives a satisfactory fit from which \tau 0 can be deduced.

After the short-time part, characterized by a plateau in the ACF, the function begins to

decay to zero as the molecule starts to lose the memory about its initial (t=0) velocity due

to the collision with surrounding surface atoms and also due to the interaction with the bath.

The fits provide well the main short-time relaxation time. This timescale over which the

molecule loses the memory of its previous velocities is in all cases significantly lower than

1.0 ps (bath timescale), indicating that this is purely the effect of the interaction with the
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Chapter 3. Quantifying entropic barriers in single-molecule surface diffusion

Table 3.3: Comparison of the diffusion free energy barrier, \Delta Ft(T ), potential energy barrier \Delta Et, entropic
contribution to the diffusion free energy barrier, \Delta St from eq. (3.2), attempt frequency, \nu 0(T ), and average
jump length, a, between the P, p-2P, p-3P, p-4P and p-6P. The temperature for the values of \Delta Ft(T ) and
\nu 0(T ) is T = 300 K, while \Delta Et and \Delta St are assumed to be T -independent in the investigated T -range. The
spread (\pm ) in \Delta Et arises from the Arrhenius fits and gives the dominant absolute error in free energy and
entropy, see also discussion in the text.

Molecule \Delta Ft (kJ/mol) \Delta Et (kJ/mol) T\Delta St (kJ/mol) \nu 0 (1/ps) a (nm)

P 20.5 21.4\pm 1.7 0.9 3.5 0.43

p-2P 29.5 33.2\pm 1.9 3.7 3.7 0.47

p-3P 32.5 41.1\pm 2.2 8.6 3.0 0.44

p-4P 39.3 51.7\pm 3.1 12.4 3.5 0.48

p-6P 41.5 64.1\pm 4.8 22.6 3.5 0.47
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Figure 3.4: Velocity autocorrelation functions (ACFs), \langle v(t)v(0)\rangle , as a function of time for the investigated
molecules. Dashed lines represent the fits to the Gaussian function represented by eq. (2.39) from which the
characteristic decay times, \tau 0, are deduced. The attempt frequencies were defined as \nu 0 = 1/\tau 0. Obtained
values are by a factor of roughly 2 (on average) smaller than the frequency kBT

h that is equal 6.22\cdot 1012 s - 1

for T = 300 K.

surface atoms. Individual attempt frequencies of molecules are then calculated as \tau  - 1
0 and

listed in Table 3.3 for T = 300 K.

As described in the Section 2.5.3, we can also calculate the attempt frequency using

eq. (2.36) with the forces acting on the molecular COM \langle | F | 2\rangle , accessible from the available

simulation trajectories. Attempt frequency values obtained by this method are shown in Ta-

ble 3.4, as well as values obtained from fitting the velocity ACFs by either purely harmonic

or purely exponential functions. The values resulting from all methods have all the same

order of magnitude, deviating at most by a factor of 2. Such a systematic uncertainty only
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3.3. Translational diffusion on the surface

Table 3.4: Attempt frequencies for the investigated molecules in units of (ps - 1), obtained by approaches
introduced in Section 2.5.3.

Molecule P (p-2P) (p-3P) (p-4P) (p-6P)

\Omega 0 (fit of the eq. 2.35) 7.68 6.46 5.13 4.47 3.66

\tau  - 1 (fit of the eq. 2.38) 5.22 4.78 3.80 3.97 4.11

\Omega 0 (estimated from the eq. 2.37) 9.03 7.61 6.91 6.21 6.53

\tau  - 1
0 (fit of the eq. 2.39) 3.52 3.68 2.99 3.46 3.52

propagates into an error of the estimated entropy by kB \mathrm{l}\mathrm{n} 2, i.e., is relatively small, and sig-

nificantly smaller as most of the errors we obtain from the Arrhenius fit of the diffusion data.

The calculated values for the attempt frequency are of the order of 3.5 ps - 1. This result is

in agreement with previously published experimental results for the attempt frequency of

the azabenzene 1,3,5-triazine adsorbed on epitaxial graphene on Pt(111) [151] and compara-

ble to the result obtained in simulation studies of zinc-phthalocyanines on the ZnO
\bigl( 
1010

\bigr) 
surface [152], calculated from the energy curvature around the minimum. Importantly, the

calculated attempt frequencies are lower only by a factor of roughly 2 than kBT
h

(6.22 ps - 1

for T = 300 K), which is the prediction of the transition state theory (TST) [138, 153]. It

is interesting to see that the atomistic simulations of a chemically specific system and the

universal thermal frequency are so close to each other. As a firm conclusion, the assumption

that attempt frequencies in modeling are given by the thermal frequency as predicted by

TST applies also to the molecular systems we are simulating here. We use this fact also for

extrapolating the attempt frequency also to other temperatures, simply by scaling linear in

T .

As a side remark, we note that in the case of a single, free molecule in vacuum, the velocity

ACF decays following a purely exponential decay law, where the relaxation time \tau = 1 ps

corresponds to the input timescale of the bath, as should be.
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Chapter 3. Quantifying entropic barriers in single-molecule surface diffusion

Table 3.5: Temperature dependence of the entropic contribution, T\Delta St (in kJ/mol), to the translational free
energy of diffusion, for the P, p-2P, p-3P, p-4P and p-6P molecule.

P p-2P p-3P p-4P p-6P

T (K) T\Delta St T (K) T\Delta St T (K) T\Delta St T (K) T\Delta St T (K) T\Delta St

420 7.81

350 3.52 450 7.41

310 0.91 420 4.24 510 7.99 560 11.94 590 21.49

320 0.32 450 4.37 520 8.59 580 12.73 600 21.74

340 1.10 460 4.56 540 9.66 590 12.26 610 23.61

350 1.33 470 4.63 550 9.99 610 12.70 650 23.19

Calculation of the entropic contribution to the free energy

of diffusion

Having gathered all the necessary information, summarized in Table 3.3, we can use eq. (3.2)

to obtain the entropic contribution, T\Delta St, to the free energy barrier for diffusion. The values

in Table 3.3 are averages over all simulated temperatures, calculated with the linearly extrap-

olated attempt frequencies. The entropic contributions, T\Delta St, as a function of temperature

are shown in Table 3.5. The spread of the calculated T\Delta St values is significantly smaller

than the error obtained from the Arrhenius fits, indicating a weak temperature dependence

of the diffusion entropy in the investigated temperature range.

In Fig. 3.5(a) the diffusion potential energy barrier \Delta Et, the diffusion free energy barrier

\Delta Ft, and the entropic part of the barrier T\Delta St, are plotted as a function of the chain length

for T = 300 K. The increment in the diffusion energy barrier amounts to 8.3 kJ/mol per

added phenyl unit, while the increments in \Delta Ft and T\Delta St amount to 4.2 and 4.1 kJ/mol,

respectively. Linear trends imply that the molecules have similar surface diffusion mecha-

nisms on the surface. Additionally, the contribution of \Delta Ft of each additional phenyl ring is

smaller than the \Delta Ft of a single phenyl molecule.

The total Arrhenius prefactor D0 in eq. (3.2) increases with an increase in the molecular

length. Several studies predict an increase in the prefactor with the increase in the chain
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Figure 3.5: (a) Free energy, potential energy and entropy of the translational diffusion barrier for the P, p-2P,
p-3P, p-4P and p-6P molecules as a function of chain length N at T = 300 K. (b) Free energy, potential energy
and entropy of the barrier related to the rotational diffusion as a function of chain length at T = 300 K.

length of the same molecular species [60, 61]. D0 is of the order of 8\cdot 103 nm2/ps in the case

of the p-6P, while for the benzene (P) it is of the order of only 5 nm2/ps. In addition, the

entropic gain at the transition state enhances the diffusion by up to 5 orders of magnitude

(according to \sim \mathrm{e}\mathrm{x}\mathrm{p}(\Delta S/kB)) in the case of the p-6P. Thus, estimates of diffusion that take

into account only the diffusion energy barrier and the typically used value of a prefactor of

10 - 1 nm2ps - 1, would result in diffusion rates several orders of magnitude too slow.

However, the energy barrier for diffusion also increases with an increase in the molecular

length. Thus larger prefactors correlate with larger diffusion energy barriers, which is called
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Chapter 3. Quantifying entropic barriers in single-molecule surface diffusion

energy-entropy compensation [57, 58, 56]. Our results shown in Table 3.3, indicate that

this is only due to the increase of the entropy contribution, T\Delta St in the total prefactor,

while the attempt frequency stays the same and has the order of 3.5 ps - 1 for all investigated

molecules. As we can rule out exotic diffusion mechanisms (e.g., over steps, long jumps,

etc.), in our simple system we can fully attribute the increase in the prefactor solely to

the increase in the entropic contributions due to the different structural properties of the

adsorbed molecules. As reported in Table 3.1, torsional motion is significantly reduced in the

adsorbed states for the longer molecules, so there should be an increase in the conformational

entropy that contributes to the net entropy presented in Table 3.3. In fact, for 6P we find

that the entropic diffusion barrier is about 50% of its entropy of adsorption to the surface,

indicating that at the transition states of activated diffusion the molecules can liberate up

to half of their conformational states. In order to access the contribution of the internal

degrees of freedom to the surface diffusion, we constrain intermolecular angles by means of

superimposed harmonic potentials. In this case the estimated diffusion coefficient for the

p-6P is lower by a factor of 6.9 compared to the diffusion coefficient of the molecule with

unconstrained internal degrees of freedom and amounts to 1.5\cdot 10 - 4 nm2ps - 1. This finding

indicates that the entropy due to the internal DOFs has a significant contribution to surface

diffusion.

Rotational diffusion on the surface

We also study the rotational diffusion of molecules in the xy-plane by calculating the in-plane

orientational angle, \theta , of the LMA, taking the x-axis as a reference axis. Using eq. (2.30), we

can calculate the time-dependent angular MSDs (see Fig. 3.6) that display a linear behavior

at long times. From the linear fits of the angular MSDs we can deduce the correspond-

ing rotational diffusion coefficients that are plotted as a function of inverse temperature

in Fig. 3.3(b). The rotational diffusion coefficients increase with the temperature in an

Arrhenius-like fashion and decrease with the larger size of the molecule.

From the temperature dependence of the rotational diffusion coefficients, we deduce the

rotational activation energies of 6.4, 19.5, 32.0, 43.9 and 65.0 kJ/mol for P, p-2P, p-3P, p-
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Figure 3.6: Time-dependent rotational mean square displacements for a) phenyl, b) p-2P, c) p-3P, d) p-4P
and e) p-6P molecules for various temperatures in Kelvin (see legends). Diffusive behaviour can be observed
at long times where the curves can be fitted by linear functions. Uncertainties of the diffusion coefficients
can be obtained from the error of the linear fitting.

4P and p-6P, respectively. We see that the rotational energy barrier is higher for longer

chain lengths (see Fig. 3.5(b))with an increment of 11.5 kJ/mol per added phenyl unit. We

also observe that, apart from the benzene (P) which seems to rotate with only very small

energetic penalties, the rotational energy barriers are of comparable magnitude to those for

translation.

Analogous to the translational case, we calculate the attempt frequencies of rotation from

the exponential fits of the angular velocity ACF. Obtained values are listed in Table 3.6,

together with the jump angles as well as the resulting free energy and entropy of the barrier

for rotation. The attempt frequency for rotation is of the order of 5 ps - 1 for all investigated

molecules, again very close to the thermal frequency kBT/h. The entropic barrier for rotation

ranges from 4.2 kJ/mol for benzene to 18.3 kJ/mol for the longest investigated chain. The

increments in \Delta Fr and T\Delta Sr amount to 8.4 and 3.2 kJ/mol per phenyl ring, respectively.
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Chapter 3. Quantifying entropic barriers in single-molecule surface diffusion

Table 3.6: Comparison of the rotational free energy barrier, \Delta Fr, rotational diffusion energy barrier, \Delta Er,
entropic contribution to the rotational free energy barrier, T\Delta Sr, attempt frequency, \nu 0, and average rota-
tional angle jump, \alpha , between the P, p-2P, p-3P, p-4P and p-6P. All values evaluated for T = 300 K. The
spread (\pm ) in \Delta Et arises from the Arrhenius fits and gives the dominant absolute error in free energy and
entropy, see also discussion in the text.

Molecule \Delta Fr (kJ/mol) \Delta Er (kJ/mol) T\Delta Sr (kJ/mol) \nu 0 \cdot 1012 (1/s) \alpha (°)

P 2.1 6.4\pm 1.0 4.3 6.0 33.0

p-2P 14.9 19.5\pm 0.5 4.6 5.1 34.4

p-3P 24.5 32.0\pm 4.5 7.5 5.1 32.6

p-4P 32.4 43.9\pm 5.7 11.5 5.8 32.3

p-6P 45.6 65.0\pm 8.7 19.4 6.0 34.2

Compared to the translational case the entropic gain at the transition state is thus less (while

the energy increment is more), indicating transition states with less surface detachment for

rotation. However, the results are all numerically close and consistent with the translational

motion. Hence, all our general conclusions for the translational diffusion also apply to the

rotational case.

Results on a non-vibrating surface

Finally, for more insights into the role of thermal surface fluctuations, we simulate the

diffusion dynamics of the molecules on an alternative version of the amorphous silicon dioxide

substrate, where the surface atoms are not vibrating. In these systems, the surface atoms are

completely frozen but can still interact with the atoms of the molecules, just as described

for ZnO in Section 2.3.2. This results in the surface atoms being fixed to their initial,

yet amorphous, positions during the whole simulation. On the frozen surface, the molecular

dynamics is slowed down, so the simulations for all molecules had to be performed at elevated

temperatures between 500 and 650 K.

Our results, summarized in Table 3.7, show an increase in the free and potential energy

barriers for diffusion compared to the values reported for the diffusion on the vibrating

surface in Table 3.3. That is, diffusion is by a factor of 2 slower than on the vibrating

surface. The attempt frequency stays roughly the same and has similar values for different

chains, as well as the average jump distance. The entropic contributions to the free energy
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Table 3.7: Comparison of the translational free energy barrier, \Delta Ffr, diffusion energy barrier, \Delta Efr, entropic
contribution to the free energy barrier, T\Delta Sfr, attempt frequency, \nu 0 and average jump length, a, between
the P, p-2P, p-3P, p-4P and p-6P simulated on the frozen (non-vibrating) substrate. All values are evaluated
for T = 300 K.

Molecule \Delta Ffr (kJ/mol) \Delta Efr (kJ/mol) T\Delta Sfr (kJ/mol) \nu 0 \cdot 1012 (1/s) a (nm)

p-3P 33.0 49.2\pm 0.7 16.1 3.4 0.41

p-4P 35.5 54.9\pm 4.1 19.3 3.2 0.39

p-6P 39.1 69.1\pm 5.6 29.9 3.3 0.38

barrier for diffusion, shown in Table 3.7, are higher than the values reported in Table 3.3.

We interpret these findings as follows. On the vibrating amorphous surface, the energy

barriers frequently change with the fluctuations and vibrations of the surface atoms and

the molecule can change its position more likely once the energy barrier of some possible

transition pathway spontaneously becomes low enough. In contrast, on the frozen surface,

a molecule has to surmount on average higher energy barriers because they are not fluctu-

ating to spontaneously lower values. These transitions are not supported by local surface

fluctuations (no surface-molecule vibrational coupling) so the molecule has to increase its

internal entropy in order to surmount the diffusion barrier, leading to a higher entropic gain.

As an important conclusion for theoretical modeling studies, one has to be very careful with

quantitative prediction of surface diffusion on frozen substrates.

Summary and concluding remarks

In summary, we have quantified entropic contributions to the free energy barrier of surface

diffusion for the single benzene (P), biphenyl (p-2P), triphenyl (p-3P), tetraphenyl (p-4P)

and sexiphenyl (p-6P) molecule adsorbed on the amorphous silicon dioxide. We first demon-

strated higher binding free energies the longer the molecules are. The entropic contributions

to the binding free energies increase with the increase in chain length due to the loss of

conformational freedom of longer chains, which happens upon adsorption. Furthermore, we

have shown that the binding free energies and binding enthalpies scale linearly with the

number of phenyl units.

After quantifying diffusion free energy barriers for the investigated molecules, we have
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Chapter 3. Quantifying entropic barriers in single-molecule surface diffusion

demonstrated that both the energy and entropy of the barrier increase with an increase in

the chain length, following roughly a linear trend. Strikingly, the entropic contribution to the

diffusion free energy barrier is about 55 % for the longest molecule. Moreover, the entropic

gain at the transition state can enhance diffusion by up to 5 orders of magnitude. Along

with the entropic contributions to the net diffusion free energy barriers, attempt frequencies

for diffusion are estimated from the fits of the velocity ACFs. They were shown to be of

the order of magnitude of 1012 s - 1 for all molecules, all very close to the thermal frequency

kBT/h usually employed in transition state theory.

Our study emphasizes the importance of considering the entropic contribution in the

prefactor of the Arrhenius equation, in studies of molecular surface diffusion. Entropy indeed

becomes even the dominant part of the free energy for longer molecules with complicated

internal (vibrational and rotational) DOF. We conclude that previously, frequently reported

high values of the prefactor in the Arrhenius equation which were often linked to high attempt

frequencies or long jumps [154], might instead be related to the entropic penalties included

in the net free diffusion energy barrier. This should be especially taken into account for

adsorbates with many complicated internal DOF.
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Impact of Polarity on the Anisotropic Diffusion of

Conjugated Organic Molecules on the
\bigl( 
1010

\bigr) 
Zinc Oxide Surface

Our simulations in chapter 3 provided detailed insights into the diffusion dynamics of short

oligophenyls ranging from phenyl (P) to para-sexiphenyl (p-6P), and gave us a deeper un-

derstanding of how important the consideration of the entropic effects in molecular surface

diffusion is. In the mentioned example, we have studied surface diffusion on an irregular,

amorphous surface while varying the chain length of the adsorbate. However, apart from

amorphous surfaces, commonly employed in HIOS, there are also inorganic structures with

high level of crystalline ordering, such as zinc oxide. In addition, to explore the wide range

of possibilities related to chemical tuning of the organic molecules, we modify the chemical

structure of the p-6P by replacing the molecule’s hydrogen atoms on one or both molecular

ends with fluorine (F) atoms (i.e. fluorination). In this way, we introduce a local dipole

moment along the LMA compared to the otherwise non-dipolar p-6P molecule. Such a

chemical modification of the p-6P leads to self-assembled structures on metal surfaces that

differ vastly from the original molecules. [155]

One quantity with a decisive influence on the nucleation rate and the morphology of the

self-assembled structures is the rate of mass transport on the surface [156]. In this chapter,

we study the long-time self-diffusion of a single conjugated organic p-6P molecule and its

symmetrically and asymmetrically fluorinated derivatives, p-6P2F and p-6P4F physisorbed

on the patterned, inorganic ZnO
\bigl( 
1010

\bigr) 
surface. While the details of the model that was

described in section 2.3.2 are specific to the system studied here, the general approach as well

as the resulting ordering are generic to anisotropic COMs on surfaces with rows of in-plane

oriented dipoles.

In section 4.2 we investigate the effects of change in the number of polar groups inside

of the molecule, induced by fluorination, on the single-molecule structural properties. Sec-

tion 4.3.1 focuses on studying the influence of change in polarity on the binding to the

61



4.1. Simulation details

surface. The effect of change in polarity on the surface diffusion behavior is discussed in

section 4.4, where the T -dependent surface diffusion coefficients are provided, together with

the corresponding diffusion energy barriers in the directions perpendicular (x-direction) and

parallel (y direction) to the [0001] direction of the surface. In section 4.5 the free energy

landscapes of studied systems are described, and the corresponding T -dependent rotational

diffusion coefficients, together with the rotational diffusion energy barriers are discussed in

detail in 4.6.

In section 4.4, anisotropic surface diffusion coefficients are calculated according to the

methods described in section 2.5.1.

Simulation details

The details of the model are specified in section 2.3.2. To study the dynamics of surface

diffusion, the motion of the molecule is simulated in a set of 15 simulations each with a

different temperature, ranging from 300 K to 700 K. The long range Coulomb interactions in

the system are computed by the Particle Mesh Ewald (PME) method, [145] using a Coulomb

cutoff distance of 1 nm with interpolation order 4 and 30 \times 20 \times 35 grid points in x, y and

z directions. For the vdW interactions a cutoff of 1.0 nm was applied. We find that this

cut-off constitutes a good compromise between simulation speed and accuracy. The surface

atoms are fixed to their initial positions during the simulation, i.e., eq. (2.6) is not solved for

the surface atoms resulting in a static surface potential. This restriction keeps the surface

stable and the computational cost at a level that makes it possible to collect the amount of

data that are statistically necessary for calculating transport properties in the first place.

The error of this approach is analyzed in a previous work. [144]. The time evolution of the

molecular motion was simulated for 800 ns.

Single molecule properties

First, we investigate the impact of fluorination on the single molecule structural properties

and the total molecular dipole moment. We compare the inter-ring torsional angles and

energies, the length of the LMAs and the total dipole moments of the three molecules
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Table 4.1: Comparison of structural and energetic properties of isolated p-6P, p-6P2F and p-6P4F molecules
between the planar structure and a twisted conformation with a minimum energy angle from the classical
MD simulations. The length L is the distance between the terminal carbon atoms, \Delta Ep - t is the energy
difference between a planar and a twisted conformation, and \phi \mathrm{C} - \mathrm{C} is the torsional angle at which the internal
energy is minimal.

molecule L\mathrm{p}\mathrm{l}\mathrm{a}\mathrm{n}\mathrm{a}\mathrm{r} (nm) L\mathrm{t}\mathrm{w}\mathrm{i}\mathrm{s}\mathrm{t}\mathrm{e}\mathrm{d} (nm) \Delta E\mathrm{p} - \mathrm{t}(kJ/mol) \phi \mathrm{C} - \mathrm{C}

p-6P 2.47\pm 0.00 2.45\pm 0.01 25.54 30.2

p-6P2F 2.47\pm 0.00 2.46\pm 0.01 25.51 29.5

p-6P4F 2.47\pm 0.00 2.45\pm 0.02 25.17 29.7

(see Table 4.1). For this, we simulate each molecule separately in a vacuum without the

surface. In each simulation, we constrain all five torsional angles in the molecules to the

same absolute value, though with the alternating sign, using dihedral restraints and sample

the atomic coordinates and the total energy for a wide range of torsional angles. The MD

Figure 4.1: Change of the total energy of a single p-6P, p-6P2F and p-6P4F molecule as a function of the
torsional angle between the neighboring phenyl rings.

result shows a roughly parabolic \Delta E(\phi \mathrm{C} - \mathrm{C}) profile (see Fig. 4.1) with the minimum energy

at an angle of 29.5° (Table 4.1). The energy difference between the planar and twisted states,

\Delta E\mathrm{p} - \mathrm{t}, is compared in Table 4.1 and together with the minimum energy angle values is well

within the spread of previously published MD and quantum mechanical calculation results

for the single p-6P molecule. [157] Next, in Table 4.1 we compare the length of the long axis
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of the three molecules, in the fully planar configuration and in the twisted configuration.

The resulting values are very similar for all molecules and in satisfactory agreement with

quantum mechanical calculation results for the single p-6P. [157] In the case of the molecules

investigated here, the molecular twisted configuration was found to be energetically more

favorable compared to the planar configuration in the gas-phase. We conclude that the

different polarity has no noticeable influence on the geometrical properties of the isolated

molecules.

We calculate the total molecular dipole moments for the three investigated molecules in

respect to the molecular COM, since the partial fluorination introduces a local dipole moment

along the LMA in the otherwise non-dipolar p-6P molecule. Both, MD and DFT calculations

yield that the x-component of the dipole moment is indeed the most dominant one (where

the x-axis is the axis parallel to the LMA) with vanishing dipole moment contributions in

the perpendicular z and y directions. In Table 4.2 we report the averaged x components of

the dipole moments, \langle \mu x\rangle , computed by DFT and MD methods. While \itp -6P has no global

dipole nor strong local ones, the fluorination induces a strong dipole moment at the end of

the molecule. For the asymmetric \itp -6P2F this leads to a large global dipole, cf. Table 4.2,

while in the anti-symmetric \itp -6P4F the two large end-dipoles cancel each other out and the

total dipole vanishes.

Table 4.2: Comparison of the x-component (in direction of the LMA) of the total molecular dipole moment
(in Debye), computed by DFT and MD between the planar and twisted molecular configurations.

planar twisted

Molecule p-6P p-6P2F p-6P4F p-6P p-6P2F p-6P4F

\langle \mu MD
x \rangle [D] 0.00 -2.43 0.03 -0.02 -2.69 0.01

\langle \mu DFT
x \rangle [D] -0.01 -2.88 0.04 -0.01 -2.97 0.01

A pictorial representation of the dipole density in the three considered molecules is pre-

sented in Fig. 4.2. In panel (a) we report the x-component of the dipole density \vec{}p(\vec{}r) = \rho (\vec{}r)\cdot \vec{}r,

with \vec{}r \equiv (x, y, z) and \rho (\vec{}r) being the positive definite electron density computed from DFT

for the symmetric molecules p-6P (upper panel) and p-6P4F (lower panel) in their twisted

geometries. In the background of the graphs in Fig. 4.2(a) the isosurface of p(x) is depicted

on top of the geometry of each molecule. In the foreground, we report px integrated over
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Figure 4.2: a) Dipole density along the long molecular axis (x-direction) of the symmetric molecules p-6P
and p-6P4F in their twisted geometry; b) Dipole density difference computed at each point of one half of
the p-6P2F molecule with respect to the mirror points in the other half along the x-axis.

the y- and z-coordinates:

px =

\int \int 
dy dz \rho (\vec{}r) \cdot x. (4.1)

From Eq. (4.1), it is evident that negative values of the dipole density are found on the

left side of the molecules, where x is assigned negative values (x = 0 coincides with the

COM), while positive values on the right side, where x is positive. The largest values of px

are at the edges. Due to the symmetric character of both p-6P and p-6P4F, these plots are

specular with respect to the COM of each molecule, consistent with the almost vanishing

values reported in Table 4.1. However, a careful comparison between the dipole densities
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plotted in the upper and lower panels of Fig. 4.2(b) reveals an increase in the dipole density

at the ends of the p-6P4F molecule due to the presence of the terminating F atoms. The

sizable dipole moment of p-6P2F is visually represented in Fig. 4.2(b). In order to highlight

the imbalance of the dipole density at the ends of the molecule, we depict the difference of

px between symmetric points with respect to the COM of the molecule along its lengths:

\Delta px = p+x  - p - x , where p+x = p(+x) and p - x = p( - x), with x \in [0, L/2]. L is the length of

the molecule. While \Delta px vanishes in the symmetric molecules p-6P and p-6P4F, in the case

of p-6P2F the asymmetric fluorination gives rise to the pronounced maxima and minima

displayed in Fig. 4.2(b). An analogous picture is obtained for the molecules in their planar

geometry, as indicated in Table 4.2. In the p-6P2F molecule, a dipole moment of almost 3

Debye appears along x in both the planar and twisted geometry, which exhibits remarkably

similar values in the x-direction, while in y and z the dipole moment vanishes. Similar

behavior was found in graphene nanoflakes investigated from Hartree-Fock based methods,

where the interplay between end functionalization and structural distortions was studied in

detail. [158]

Reaction coordinates

In section 2.3.2, we have introduced the crystallographic directions a and c on the ZnO\bigl( 
1010

\bigr) 
surface. In the following discussion, the reaction coordinate x corresponds to the

crystallographic a-axis while the reaction coordinate y corresponds to the crystallographic c-

axis. The z coordinate is the axis perpendicular to the surface plane. The angle between the

LMA and the x-coordinate is denoted as \theta . The origin of the coordinate system is depicted

in figure 2.4c.

Binding to the surface

Upon adsorption on the ZnO [101̄0] surface, the molecules are observed to adsorb in equilib-

rium in a flat-lying geometry on the surface, with their long molecular axis mostly aligned

with the alternating rows of surface oxygen atoms along the x-axis. We determine the most

probable torsional angles of 20.25° for the p-6P, 21.56° for the p-6P2F and 22.79° for the p-
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6P4F, adsorbed on the surface. The molecular head- and tail phenyl groups are recorded to

have increased rotational freedom compared to the inner phenyl groups with the most prob-

able torsional angles of 22.92°, 24° and 26° for the head-groups of p-6P, p-6P2F and p-6P4F,

respectively. If we compare these values with the values listed in Table 4.1 for the isolated

molecules, we can see that the molecular torsional freedom is reduced due to the interaction

with the underlying substrate. We can also see that the head-groups of p-6P2F and p-6P4F

display higher rotational freedom when on the substrate, compared to the head-group of the

p-6P, indicating less strong adhesion.

In the next step, we calculate the molecule/ZnO surface binding free energy, entropy of

binding and potential energy of binding for the three investigated molecules.The PMFs for

T = 525 K are plotted in Fig. 4.3. The origin z = 0 in Fig. 4.3 is defined as the z-coordinate

of the COM of the Zn atom in the top-most layer of the surface. The minima of the curves,

z0, correspond to the distances of 0.184 nm, 0.195 nm and 0.202 nm for the p-6P, p-6P2F

and p-6P4F, respectively. The binding free energy is defined as the difference between the

highest and lowest values of the PMF curve.

The results are presented in Table 4.3 alongside the corresponding energies and entropies

of binding. We find that the binding free energies and potential energies of binding de-
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Figure 4.3: PMF as function of distance from the surface in z-direction at T = 525 K for p-6P, p-6P2F and
p-6P4F. The minimum of the curves corresponds to the distance of 0.184 nm, 0.195 nm and 0.202 nm (z0)
for p-6P, p-6P2F and p-6P4F, respectively. The origin z=0 is defined as the z-coordinate of the COM of the
Zn atom in the top-most layer of the surface. The value of \Delta Fb(z0) for the binding/unbinding process is
defined as the difference between the highest and lowest values of the PMF curve.

crease with an increase in molecular polarity, i.e., the more polar molecules bind less strong.

Strikingly, the entropic penalty due the restrictions of configurational freedom on the sur-
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4.3. Reaction coordinates

face is substantial and constitutes more than 1/3 of the total binding free energy. We find

that the p-6P has a higher change in the entropy associated with binding than the other

two molecules. This again demonstrates that the overall attractive interactions between the

molecule and the surface are stronger in the binding of the p-6P to the ZnO than for the

other two molecules which have more configurational freedom on the surface. Apparently,

repulsive electrostatic interactions between fluorine and ZnO cause the potential energy of

binding to decrease compared to the non-fluorinated p-6P, i.e., the binding is less tight. It

seems the molecular polarity does not match well the surface electrostatic pattern, i.e., it is

not really electrostatically complementary. We can compare the calculated \Delta Ub(z0) of the

p-6P (see Table 4.3) to previously reported quantum-DFT calculations for biphenyl (p-2P)

on the
\bigl( 
1010

\bigr) 
ZnO surface. [159] From our p-6P result, we can estimate the binding energy

Table 4.3: Comparison of the binding free energy \Delta Fb(z0) = \Delta Ub(z0) - T\Delta Sb(z0), energy of binding \Delta Ub(z0)
and the binding entropy contribution T\Delta Sb(z0) between the p-6P, p-6P2F and p-6P4F at T=525 K, where
z0 is equal to 0.184 nm, 0.195 nm and 0.202 nm for p-6P, p-6P2F and p-6P4F, respectively.

Molecule p-6P p-6P2F p-6P4F

\Delta Fb(z0)(kJ/mol) -97.48 -93.75 -87.02

\Delta Ub(z0) (kJ/mol) -164.97 -132.61 -122.01

T\Delta Sb(z0) (kJ/mol) -67.68 -40.75 -35.98

per phenyl unit to be 27.5 kJ/mol. Two phenyl rings, corresponding to a p-2P molecule, thus

have a binding energy of 55 kJ/mol. This is well within the range of surface binding energies

calculated in Ref. [159]. Additionally, our binding energies are comparable (but smaller) to

the previously reported value of 220 kJ/mol for a ZnPc molecule adsorbed on the
\bigl( 
1010

\bigr) 
ZnO surface. The 25% difference is reasonable considering the different structural properties

of the ZnPc and the larger number of atoms in ZnPc that participate in the binding to the

surface.

We calculate the PMFs also for T=550 K and we find smaller binding free energies, with

a difference of 4% (in average), compared to the values reported in Table 4.3. At higher

temperatures internal molecular motion is increased that decreases the binding free energy

to the surface.

68



Chapter 4. Impact of Polarity on the Anisotropic Diffusion of Conjugated Organic
Molecules on the

\bigl( 
1010

\bigr) 
Zinc Oxide Surface

Translational diffusion

The calculated mean square displacements (MSDs) are shown in figure 4.4 for the x-direction

of motion and in figure 4.5 for the y-direction of motion over three decades of time in the

long-time limit (t > 1 ns). In both cases the behavior is found to be mostly normally
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Figure 4.4: The mean square displacement (MSD) of the center-of-mass of the a) p-6P, b) p-6P2F and c)
p-6P4F on the ZnO

\bigl( 
1010

\bigr) 
surface in x-direction of motion (see figure 2.5).

diffusive, that is, the MSD is proportional to t\beta with \beta = 1. In y-direction, however,

the slopes deteriorate for T \lesssim 600 K, indicating either sub-diffusive behavior (\beta < 1) or

simply the lack of statistics because of the extremely slow dynamics. From a linear fit of all

normally behaving MSDs, we deduce the total long-time self-diffusion constants and calculate

the desired molecule-surface diffusion constants according to the discussion in section 2.5.5

(note that we drop the index \mathrm{m}\mathrm{s} in this section as all diffusion coefficients presented here

are molecule-surface diffusion coefficients).

The diffusion process can be treated as a thermally activated transport process, [160] and

D\alpha , where \alpha = x, y, obeys the Arrhenius law described by eq. 3.1.
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Figure 4.5: The mean square displacement (MSD) of the center-of-mass of the a) p-6P, b) p-6P2F and c)
p-6P4F on the ZnO

\bigl( 
1010

\bigr) 
surface in y-direction of motion, i.e. in the polar [0001] direction (see figure 2.5).

In figure 4.6, the logarithm of D\alpha , \alpha = (x, y), versus the inverse temperature 1/T for a)

x- and b) y-direction of motion are plotted. The diffusion energy barrier, \Delta Ex, is directly

given by the slope of the curves in figure 4.6 a) and amounts to 4.65, 6.95 and 10.67 kJ/mol

for p-6P, p-6P2F and p-6P4F, respectively. In conclusion, the diffusion energy barrier, \Delta Ex,

increases with increasing the degree of fluorination. The calculated \Delta Ex of 4.65 kJ/mol

for the p-6P molecule is about 4 times lower than the previously calculated value of 20

kJ/mol. [144] However, in Ref. [144] it is also demonstrated that, when employing the full

PME summation procedure as we do in this work, the barrier decreases to about 6 kJ/mol,

comparable to the \Delta Ex calculated here. This exemplifies the sensitivity of the diffusion

to small changes in molecule-surface interactions. We note that the average timescale for

diffusion processes to be activated in x-direction to ’hop’ one atomic step on the surface is

about 10 ps for all investigated molecules.

We separately evaluate the motion in the polar y-direction of the surface (see Fig. 4.5 for

the y-components of the mean squared displacements of the molecular COMs). We find that
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Figure 4.6: a) Logarithm of the diffusion coefficients in x as a function of the inverse temperature. b)
Logarithm of the diffusion coefficients in y as a function of the inverse temperature. From the linear fits
of the temperature dependent diffusion coefficients to the Arrhenius eq. (3.1), the effective energy barriers
\Delta E\alpha in x- and y-directions are deduced.

the average timescale for diffusion processes to be activated in the y-direction on the surface

is much larger than in x and is of the order of 1 ns on average. From the slopes of the

Arrhenius fits we deduce the energy barriers for free diffusion, \Delta Ey, in y-direction. Contrary

to the x-direction, they decrease with an increase in the degree of fluorination, with values

of 90.45, 80.62, 69.20 kJ/mol for p-6P, p-6P2F and p-6P4F, respectively.

Hence, we find the diffusion process to be strongly anisotropic for all investigated molecules,

in which the diffusive motion along the polar [0001] direction of the surface is many orders

of magnitude slower than in the perpendicular direction. Interestingly, the molecule with

the highest number of fluorine atoms has the lowest barrier for y-diffusion but the highest

barrier for x-diffusion. This happens because of the electrostatic repulsion between the nega-

tively charged oxygen atoms of the surface and also negatively charged fluorine atoms of the

molecule. At the same time, zinc and fluorine atoms attract each other due to the different

charge signs. The net effect of the interplaying repulsion and attraction causes the barrier

in y to be lower for the p-6P4F molecule.

We note again that the total friction in our model that acts on the molecule during its

diffusion on the surface has two independent contributions (see Methods 3.5), namely the

intrinsic molecule-surface contribution and the auxiliary bath friction. The intrinsic one \xi ms
\alpha 

is the one of interest and simply follows as \xi ms
\alpha = \xi \mathrm{t}\mathrm{o}\mathrm{t}\alpha  - \xi mb

\alpha , where \alpha =x, y.

Additionally, we show that the anisotropic diffusion is described by the mean waiting time \tau 
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Figure 4.7: Mean waiting times for the jump from a potential well to a neighbouring one as a function
of temperature for directions perpendicular to (\tau x) and parallel to (\tau y) the polar y-direction, for the p-6P,
p-6P2F and p-6P4F molecules.

between two consecutive jumps of length l in the metastable states of the energetic potentials.

The mean waiting times are calculated from the simulation trajectories by averaging the

time the molecule stays in a potential well before a jump event. In this context, the diffusion

proceeds by uncorrelated jumps over the activation barriers at certain times between the

adsorption potential wells in a well-defined periodic distance. Hence, the long-time over-

damped motion is characterized by the mean squared jump length \langle l\rangle 2 and the time \tau . They

can be related to the one-dimensional (\alpha = x, y) diffusion coefficient through [160]

D\tau 
\alpha =

\langle l\alpha \rangle 2

2\tau \alpha 
. (4.2)

The quantities l\alpha are in our case the surface lattice constants lx = 0.329 nm and ly =

0.524 nm.

Figure 4.7 shows the mean waiting times in each of the one dimensions, \tau x and \tau y, in an

Arrhenius plot in the range from T = 300 K to T = 700 K, for p-6P, p-6P2F and p-6P4F

molecules. For both \mathrm{l}\mathrm{o}\mathrm{g} (\tau x) and \mathrm{l}\mathrm{o}\mathrm{g} (\tau y), we observe an almost linear growth with tempera-

ture. While the mean waiting times for the jumps in x-direction for all investigated molecules

are similar and weekly dependent on temperature,the waiting times in y-demonstrate high

slopes with 1/T and a difference of two or even three orders of magnitude in case of the p-6P

(in agreement with the result in [70]), for the investigated temperature range of 550-700 K.
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At even lower temperatures, jumps over the high potential barrier in y-direction occur only

once or twice during the entire 1 \mu \mathrm{s} simulation, which causes a high statistical error with

inconclusive values (not shown).

Free energy landscapes

The detailed diffusion free energy landscapes can provide more information on the confor-

mity or mismatch of molecular and surface polarity. They are calculated according to the

description in the Methods section 2.4. In Fig. 4.8 we see that the three molecules have very

different free energy profiles for the diffusion along x. The peak value in the free energy

curve in y for the p-6P (35.5 kJ/mol) is slightly higher than the peak value in Ref. [144] (31

kJ/mol). Also, the peak value in x (1.1 kJ/mol) is about 2 kJ/mol lower than the previously

calculated value in Ref. [144] (3.2 kJ/mol). We again attribute this difference to the different

Figure 4.8: Free energy as a function of a) x- and b) y-position of the molecular COM at T=625 K, calculated
using the eq. (3.1). The free energy barrier, \Delta F\alpha , is defined as the difference between the maximum and the
minimum point of the curve (see Methods 2.4).

treatment of the long-range electrostatic interactions in the system, which has an effect on

the diffusion energy barriers, as already discussed above. The free energy barriers increase

with fluorination in x, while they decrease in y. In Table 4.4 we separate the entropic and en-

ergetic parts of the diffusion free energy barriers and compare the calculated values between

the three investigated molecules. The potential energy barriers are in good agreement with

the diffusion energy barriers derived from the Arrhenius analysis in Fig. 4.6, demonstrating

the consistency of the independent approaches and the correctness of the results.
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Table 4.4: Energetic \Delta E\alpha and entropic contribution T\Delta S\alpha to the free energy barrier \Delta F\alpha between the p-6P,
p-6P2F and p-6P4F resolved in \alpha = x, y-direction of the motion.

molecule \Delta Ex (kJ/mol) T\Delta Sx (kJ/mol) \Delta Fx (kJ/mol)

p-6P 5.24 4.11 1.13

p-6P2F 8.80 5.48 3.32

p-6P4F 14.04 8.00 6.04

\Delta Ey (kJ/mol) T\Delta Sy (kJ/mol) \Delta Fy (kJ/mol)

p-6P 89.05 53.55 35.50

p-6P2F 79.51 51.39 27.72

p-6P4F 66.49 44.97 21.52

In Fig. 4.9 a), b) and c) we plot the two-dimensional probability distributions P (x, y) for

the end-group COM position of each molecule on the surface. The data are folded onto

one ZnO unit-cell. The fluorinated end-groups of p-6P2F and p-6P4F demonstrate a higher

rotational and translational freedom and a more evenly distributed probability to sample

positions in the y-direction compared to the end-groups of the p-6P molecule. Fig. 4.9 d),

e) and f) shows the same kind of probability distribution but for the position of a meta-

hydrogen atom in the p-6P case and a fluorine atom in the case of p-6P2F and p-6P4F.

Again, the probability for the fluorinated molecules is much more evenly distributed than

for p-6P. Due to the net effect of attractive F-Zn and repulsive F-O interactions, the fluorine

atoms prefer the positions between the oxygen atoms of the surface during the simulation

while the meta-hydrogen atoms of the p-6P end-groups strongly prefer to stay above the

oxygen atoms. Even though the end-groups of the p-6P2F and p-6P4F are chemically and

structurally the same, they sample slightly different positions on the surface unit-cell, as

visible in Fig. 4.9 b) and c) as well as e) and f). This is attributed to the different number

of fluorinated groups in each molecule: Since p-6P2F has both, a fluorinated and a normal

phenyl head group it samples states that are a mix of Fig. 4.9 a) and c) as well as d) and f).
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Figure 4.9: Top panels: Probability (see color-bar) as a function of x- and y-positions for the COM of
the end-phenyl-group in the a) p-6P, b) p-6P2F and c) p-6P4F molecule. Bottom panels: Probability (see
color-bar) as a function of x- and y-positions of the end-group H atom in the a) p-6P and end-group F-atoms
of the b) p-6P2F and c) p-6P4F molecules. The radii of the plotted circles represent the vdW radii of zinc
and oxygen atoms, taken from Ref. [161].

Angular motion and rotational diffusion on the surface

Rotational diffusion of the molecules can be studied by calculating the in-plane orientational

angle, \theta , of the LMA to the x-direction of the surface in the temperature range of 600

K to 675 K. The relatively high temperatures are necessary for the molecules to sample

sufficient orientational conformations during the 800 ns long simulations. Fig. 4.10 depicts

the stable (preferred) orientational and positional coordinates for the molecules on the surface

at T = 600 K. While the p-6P4F has the lowest activation barrier for the movement in y,

Fig. 4.10 shows that it has the lowest activation barrier for free rotation, too. Comparing
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Figure 4.10: Probability densities (see color-bar) as a function of the orientational angle \theta and position in y
for a) p-6P, b) p-6P2F and p-6P4F at T = 600 K. d) Arrhenius plots of rotational diffusion coefficients as a
function of inverse temperature for the three investigated molecules.

panels a), b) and c), we can see that p-6P4F is able to find more energetically favorable

pathways in the y direction compared to the other molecules. The stable states on the

surface are separated by well defined periodic distances and the most sampled conformations

are the ones where the molecules are aligned with their LMAs almost parallel to the x-axis.

Configurations on the surface where the LMAs are oriented with \theta = 90° to the x-axis are

energetically unfavorable and rarely sampled in the case of p-6P and also p-6P2F.

The angular motion of the investigated molecules is thermally activated and characterized

by corresponding diffusion coefficients (see Table 4.5), which are calculated from linear fits

of the time dependent mean squared angular displacements. From the temperature depen-

dence of the rotational diffusion coefficients, we deduce the rotational activation energies

and list them in Table 4.6. From Fig. 4.10 a), b) and c) we can see that all molecules rotate

approximately 20 \pm 5° before they ascend the barrier and move to the next stable position

on the surface. By rotating the molecule away from a low energy configuration on the sur-

face, the (free) energy barrier for translation decreases, making it easier for the molecule to

translate in y. The coupling between the different degrees of freedom of adsorbed molecules

is a phenomenon already observed and characterized for other molecular adsorbates. [162,

163]

Additionally, we calculate the surface binding energies of the molecules as a function of
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Table 4.5: Rotational diffusion coefficients (in °2/ps) between the p-6P, p-6P2F and p-6P4F.

T (K) p-6P p-6P2F p-6P4F

600 0.058 0.363 1.232

625 0.244 0.638 2.037

650 0.472 1.475 3.252

675 0.986 2.757 4.796

Table 4.6: Rotational energy barriers of the p-6P, p-6P2F and p-6P4F.

molecule p-6P p-6P2F p-6P4F

\Delta Ea (kJ/mol) 123.71 93.05 61.27

0

0

0

Figure 4.11: Potential energy of binding, \Delta Ub(\theta ), as a function of rotational angle \theta formed by the molecular
LMA and the x-axis for the investigated molecules. The adhesion is the strongest if the LMA is parallel to
the x-axis (\theta = 0°) and the weakest when the LMA is perpendicular to the x-axis.
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the orientation of their LMA, i.e. \Delta Ub(\theta ). For this, we prepare simulations with various

initial orientations of the molecules and let them equilibrate at T \approx 0 K for a duration of 0.5

ns. A similar analysis was done in Ref. [164] for the adhesion of P3HT on a ZnO nanoneedle.

The binding energy \Delta Ub(\theta ) is then calculated using eq. 2.23. As one would expect by now,

the adhesion is the strongest if the LMA is parallel to the x-axis (\theta = 0°) and the weakest

when the LMA is perpendicular to the x-axis (see Fig. 4.11). The relative difference between

the maximal and minimal binding energy decreases with increasing degree of fluorination:

in the case of p-6P, the binding energy for \theta = 0 is twice as high as for \theta = 90°. In case of

p-6P2F, this factor is 1.6 and for p-6P4F it is only 1.3. This coincides well with our previous

observation that the energy barriers for rotational diffusion decrease with an increase of the

fluorination. These results can be useful for building effective coarse-grained models of our

system.

Summary and concluding remarks

In summary, we have theoretically investigated the role of the polarity of single p-6P, p-

6P2F and p-6P4F molecules in the binding and diffusion on a ZnO (101̄0) surface. DFT and

MD calculations of the molecular total dipole moment in the gas-phase revealed a permanent

dipole in the p-6P2F molecule of the order of 3 Debye, in both planar and twisted geometries.

In the anti-symmetric p-6P4F two local dipoles of such magnitude cancel each other. It is

then observed that the heterogeneous electrostatic surface pattern of the (101̄0) ZnO surface

leads to a strongly anisotropic long-time self-diffusion, with very different energy barriers for

the three investigated organic molecules. We have shown that the increase in the number of

fluorinated, polar groups decreases the diffusivity in the non-polar x-direction of the surface,

but increases the diffusivity in the polar y-direction. This unexpected behavior of different

trends with fluorination in different directions could be traced back to complex electrostatic

many-body interactions between the negatively charged fluorine atoms on the one hand,

and the positively charged zinc atoms and negatively charged oxygen atoms on the other

hand. As a net effect there is an electrostatic mismatch that leads to overall weaker binding

of the more fluorinated molecules and facilitates the diffusion in y and the rotation on the
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surface plane. This behavior was explained in detail by detecting the driving molecule-surface

interactions that govern the diffusion process in the polar y-direction.

An important implication of our findings is that partial fluorination of the p-6P molecule

can significantly alter its surface binding and surface diffusion on a single molecule level

by modifying the degree of anisotropy in the net effective surface free energy landscape.

Clearly the specific electrostatic pattern of the surface plays a decisive role. This has further

implications for the rational design of molecules and their functionalized forms which could

be tailored for a programmable anisotropic match or mismatch between molecular polarity

and electrostatic surface patterns.

The complex interplay between the molecule-molecule repulsive and attractive interac-

tions has already been demonstrated in experimental epitaxy to have a significant effect in

molecular self-assembly on surfaces. [155] Our study fully supports this view and provides

unprecedented in-depth details of the molecular realization of this interplay between the

molecule-surface attractive and repulsive interactions. The detailed understanding is crucial

for the control of molecular self-assembly behavior and, thus, needs to be further exam-

ined experimentally to enable an improved design of molecular self-assembly, nucleation and

growth.

Regarding theoretical multi-scale modeling approaches to self-assembly and growth, our

work provides the parameters that are required in large scale kinetic Monte Carlo simula-

tions, such as diffusion coefficients and energy barriers. [165] With proper molecule-molecule

and surface-molecule interactions as input, self-assembly and growth can be simulated for

experimentally relevant scales. [166, 17]
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Influence of molecular polarity on the surface growth

of conjugated organic molecules

For the functionality of HIOS, it is necessary to understand the nature of the molecular

structure and interactions at the hybrid interface during the interface formation, in the early

stages of growth and thin film formation.

Experiments have shown several interesting effects of chemical tuning on the molecular

self-assembly and growth on inorganic zinc oxide and metal substrates [17, 155]. However,

experimental findings still lack both qualitative and quantitative input from molecular-scale

simulations of molecular growth and cluster formation, mostly due to their high computa-

tional cost to approach the experimental time and length scales. Nevertheless, molecular-

scale simulations are still necessary for studying microscopic details of such proccesses that

are still difficult to capture experimentally. They are critical for developing accurate theo-

ries of molecular adhesion, cluster formation and growth which can then be applied in the

rational design of future hybrid structures.

In this work we investigate the influence of change in polarity on nucleation and growth

of the p-6P and its symmetrically fluorinated derivative (p-6P4F) on the amorphous a-SiO2

surface by means of all-atom molecular dynamics simulations. We simulate the growth of

up to three complete monolayers.

In section 5.2 we investigate the effects of change in polarity on the growth and formation

of the first monolayer (1ML). Section 5.3 focuses on the structural properties of the finished

1ML. Section 5.4 studies the growth mechanisms of the second monolayer (2ML), while the

structural properties of the 2ML are presented in Section 5.5. The effect of change in polarity

on the surface diffusion behavior is discussed in section 5.3, where the T -dependent surface

diffusion coefficients are provided. The conditions for occurrence of interface layers are

discussed in Section 5.6. Section 5.10 discusses the influence of the choice of the deposition

rate on the growth behavior of the molecules. Finally, Section 5.9 focuses on quantifying

and discussing the barrier for step-edge crossing for both molecules.
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Simulation details

The details of the model are specified in section 2.3.2. The experimental deposition process

is simulated by inserting one molecule every 30, 300 or 3000 ps into the simulation box

(corresponding to the deposition rates of 30 - 1, 300 - 1 or 3000 - 1 ps - 1). Each new molecule has

a random initial position and orientation in the simulation box and is additionally accelerated

after insertion by 0.05, 0.03 and 0.01 nm/ps2 in the negative z-direction (towards the surface),

while the already deposited molecules have zero acceleration. The deposition simulation is

performed at a temperature of 575 K. This temperature is higher than those usually employed

in deposition experiments [167] but still low enough to obtain the two-dimensional crystal

herringbone structure, according to [157]. The reason for adopting the high temperature is

to speed up molecular motion, in order to compensate for the unrealistically high deposition

rates and to allow the observation of growth and nucleation phenomena on a time scale

accessible to atomistic simulations.

Formation of the first monolayer

In this section we examine the influence of change in molecular polarity on the formation and

structural properties of the first monolayer (1ML). The deposition simulation is performed

by inserting one molecule into the simulation box every 3000 ps (that corresponds to a rate of

3000 - 1 ps - 1). In Fig. 5.1 a)-b) we show simulation snapshots corresponding to the deposition

rate of 3000 - 1 ps - 1 for the p-6P and p-6P4F molecules. Fig. 5.1 c) shows the average tilt

angle between the molecular LMA and the surface plane. Fig. 5.1 d) shows the average

height (z-coordinate) of the molecular COM as a function of surface density (in nm - 2) at T

= 575 K. Fig. 5.1 e) shows the roughness of the monolayer calculated as a standard deviation

of an average monolayer height, plotted as a function of surface density at T = 575 K.

Up until the first 150 molecules are deposited (corresponding to a surface area density of

n = 1.14 nm - 2), all molecules are lying flat on the surface. At this stage, the molecules

resemble a molecular liquid and homogeneously wet the surface. However, as molecules

slide over each other, they start to create chiral, fan-like, structures, where each consecutive
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Figure 5.1: a) Simulation snapshots of p-6P molecules deposited onto the silica surface, at T = 575 K with
a deposition rate of 3000  - 1 ps - 1. b) Simulation snapshots of p-6P4F molecules deposited onto the silica
surface, at T = 575 K with a deposition rate of 3000  - 1 ps - 1. Average c) tilt angle, d) height as a function of
number of deposited p-6P and p-6P4F molecules at T = 575 K. e) Roughness of the monolayer calculated as
a standard deviation of an average monolayer height as a function of number of deposited p-6P and p-6P4F
molecules at T = 575 K.

molecule has a higher angle because it is propped by all the other molecules lying underneath.

This can be nicely observed in the n = 1.52 nm - 2 snapshot for the case of p-6P or in the

n = 1.90 nm - 2 snapshot in the case of p-6P4F, for example. The more molecules are

integrated into these chiral fans, the more molecules will eventually be standing instead of

lying, and the average tilt angle of the 1ML increases (see Fig. 5.1 d). This process goes

hand in hand with the unbinding of the molecules from the surface while they instead bind

to the already standing molecules. After about 400 molecules are deposited on the surface

(corresponding to a surface area density of n = 3.04 nm - 2), almost all the molecules of the

1ML are standing and the 1ML is complete.

When the average height reaches z \approx 1.2 nm, the majority of the molecules are in the

upright standing configuration on the surface (see Fig. 5.1 d). The roughness of the 1ML

increases as molecules are deposited on the surface and as the amount of chiral structures
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increases (see Fig. 5.1 e). The roughness reaches its peak when the orientational change

propagates through the 1ML and decreases after about 350 molecules (n = 2.66 nm - 2) are

deposited and the chiral structures are replaced by regular crystallinity, in both cases.

Figure 5.2: Probability distributions of the molecular COM as a function of the layer height for the p-
6P and p-6P4F molecules deposited onto the silica surface with a deposition rate of 3000 - 1 ps - 1. The
plots correspond to the surface density of n=1.14, 1.52, 1.90, 2.28, 2.51 and 3.34 nm - 2, with n increasing
from left to right. The average COM z-coordinate of 1.22 nm corresponds to half of the molecular length
(corresponding to the monolayer height with molecules in the upright standing configuration).

Figure 5.2 shows probability distributions of the molecular COM as a function of the layer

height for the p-6P and p-6P4F molecules deposited onto the silica surface with a deposition

rate of 3000 - 1 ps - 1. The plots correspond to the surface densities of n=1.14, 1.52, 1.90, 2.28,

2.51 and 3.34 nm - 2, with n increasing from left to right. The average COM z-coordinate

of 1.22 nm corresponds to half of the molecular length (corresponding to the monolayer

height with molecules in the upright standing configuration). The peak in the red curve

(p-6P) progresses faster along the z-axis compared to the black curve, indicating that the

p-6P changes the orientation sooner compared to the other molecule. This result, based on a

single deposition simulation, could indicate that the p-6P requires a smaller critical nucleus

size to have an orientational change. However, additional deposition simulations are required

to support this conclusion. The second molecular layer (2ML) then starts forming after the

1ML is completed.
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Structural properties of the 1ML

After the completion of the 1ML, the final structure is equilibrated with temperature anneal-

ing by decreasing the system temperature gradually from T=580 K to T=300 K. Table 5.1 is

Table 5.1: Calculated room-temperature (herringbone-phase) properties of the p-6P and p-6P4F 1ML struc-
tures. Obtained results are compared with the results from MD simulations [157] and experimental [168]
studies of the p-6P bulk crystal structure properties at T = 300 K. The inclination angle, \Theta , is defined as
the angle between the z-axis and the LMA. The herringbone angle, \theta , is defined as the angle between the
average molecular planes of each two molecules of a unit-cell base. The torsion angle, \varphi C - C , is defined as
the angle between each consecutive ring of every molecule and \vec{}a and \vec{}b are the respective lattice vectors. The
angle \gamma is the angle between a and b unit cell vectors.

a (nm) b (nm) \gamma (°) \theta (°) \Theta (°) \varphi C - C (°) \rho (g/cm3)

p-6P 0.95\pm 0.17 0.54\pm 0.04 90.08\pm 13.30 64.30\pm 19.40 34.60\pm 14.00 15.40\pm 11.00 1.31\pm 0.07

p-6P4F 1.00\pm 0.06 0.50\pm 0.05 91.9\pm 16.50 75.70\pm 25.10 34.50\pm 13.50 18.30\pm 11.50 1.31\pm 0.07

Ref. [157] 0.827\pm 0.01 0.548\pm 0.01 89.80\pm 3.30 61.7\pm 13.70 17.70\pm 6.00 15.70\pm 7.90 1.29\pm 0.02

Ref. [168] 0.809 0.557 90.00 66.00 18.00 20.00 1.30

showing the room-temperature (herringbone-phase) properties of the p-6P and p-6P4F 1ML

structures. Figure 5.3 shows the projection of the molecular center-of-mass radial density

distribution onto the x-y-plane, showing the close "environment" of each molecule, averaged

over all molecules in the system (in this case over molecules in the 1ML).

Figure 5.3: Projection of the molecular center-of-mass radial density distribution onto the x-y-plane, showing
the close "enviroment" of each molecule, averaged over all molecules in 1ML for the a) p-6P and b) p-6P4F.
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The inclination angle, \Theta , is defined as the angle between the z-axis and LMA. The her-

ringbone angle, \theta , is defined as the angle between the average molecular planes of each two

molecules of a unit-cell base. The torsion angle, \phi C - C , is defined as the angle between each

consecutive ring of every molecule. The mass density, \rho , at room temperature is calculated

as an ensemble average over the equilibration period at T= 300 K. The obtained results are

compared with the results from the MD simulations [157] and experimental [168] studies of

the p-6P bulk crystal structure properties at T = 300 K.

The agreement between MD simulations and experiments in Table 5.1 validates the ac-

curacy of the used force field. Even though the growth of organic structures is governed

by processes occurring on time and length scales largely exceeding those accessible in our

simulations, we emphasize that our high-rate and high-temperature deposition simulations

can reproduce the layer-by-layer growth of the first MLs, resulting in a realistic molecular

packing.

Formation of the second monolayer

In this section we examine the influence of change in molecular polarity on the formation and

structural properties of two monolayers. Due to the increase in the computational cost with

an increase in the system size, we have to simulate the growth of molecules with a faster rate

of 300 - 1 ps - 1. The consequences of this choice are discussed in section 5.10. The deposition

of both p-6P4F and p-6P leads to the formation of a crystalline 1ML with standing and

tilted molecules, in accordance with experiments and with our simulations of the 1ML at a

lower rate in the previous section. Figure 5.4 shows representative snapshots of the second

and third monolayers consisting of the a) p-6P and b) p-6P4F.

In the second monolayer (2ML), smooth, layer-by-layer growth is observed in the case

of p-6P4F. The process is very similar to the growth of the 1ML with the difference that

the molecules start to form chiral structures on the 2ML at a much lower surface coverage

compared to the 1ML growth on bare silica. This is because, in contrast to the growth of the

1ML on silica, the molecules do not wet the entire surface before clustering to the previously

described fan-like shapes that eventually lead to the first standing molecules. Instead, the
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Figure 5.4: a) Simulation snapshots of p-6P molecules deposited onto the silica surface, at T = 575 K with
a deposition rate of 300 - 1 ps - 1. The number of molecules increases from 600 to 1500 from left to right. b)
Simulation snapshots of p-6P4F molecules deposited onto the silica surface, at T = 575 K with a deposition
rate of 300 - 1 ps - 1. As in the case of the p-6P, the number of molecules increases from 600 to 1500 from left
to right. Average c) tilt angle, d) height as a function of number of deposited p-6P and p-6P4F molecules
at T = 575 K. e) Roughness of the monolayer calculated as a standard deviation of an average monolayer
height as a function of number of deposited p-6P and p-6P4F molecules at T = 575 K.

p-6P4F molecules form the fan-like clusters very soon after being deposited (see Figure 5.6

b)). Beyond that, the 2ML grows just like the 1ML did: Once the clusters become big

enough, the number of upright standing molecules increases until it becomes energetically

favorable for the other molecules to stand up as well. After the 2ML is completed, the 3ML

proceeds to grow in the same way as the 2ML.

In the case of the p-6P, we observe a different behavior during the growth of the 2ML.

At first, when the first 50 molecules are deposited, the first clusters grow similarly to p-

6P4F: They form fan-like structures of molecules with different tilt angles, sometimes also

resembling wooden logs arranged in a campfire (see Figure 5.6 a)). However, the 2ML loses

its chiral property at a much lower coverage than p-6P4F, as can be seen in Fig. 5.5, which

shows probability distributions of the tilt angle of the molecules belonging to the 2ML. At
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Figure 5.5: Probability distributions of the average inclination angle for the molecules in the 2ML. The
insets of the figures are showing representative snapshots of grown islands observed from the top, displaying
the chiral island edges.

Figure 5.6: Side view of the chiral crystalline islands formed by the a) p-6P and b) p-6P4F molecules adsorbed
on the respective 1MLs, with surface densities of n=5.10 nm - 2. For clarity the 1ML and silica substrates
are not shown and molecules are drawn with different colors.

a surface coverage of 5.55 nm - 1, i.e. before the 2ML is complete, most p-6P molecules

are already standing. From then on, p-6P grows into irregular structures, which has been

previously observed in growth experiments of p-6P4F and p-6P on ZnO
\bigl( 
1010

\bigr) 
surface. [17]

As shown in the 6’th snapshot from the left in Fig. 5.4 a), the newly deposited molecules

that get adsorbed on the top of the 2ML do not diffuse down the step-edge to integrate into

the 2ML, but form new clusters which are not chiral anymore. They form stacks of equally

oriented, lying molecules which only grow bigger in size when more molecules are adsorbed.

Eventually, the 2ML gets filled with those molecules that are, by chance, inserted into the

simulation box right above the gap of the 2ML. By that time, the cluster on top of the 2ML

has grown significantly, causing a strong increase of the roughness (see Fig. 5.4 d). Within

the simulation time, those clusters do not change their orientation. Thus, what should

essentially be the 3ML, instead becomes a structure of lying molecules, growing vertically in
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a continuous fashion.

Chirality at the edges of the p-6P4F islands facilitates downward mass transport and

conversely, layer-by-layer growth, as the molecules have a relatively high chance to find an

energy pathway low enough for them to descend the step-edge and integrate into the existing

layer. It has been shown that the barrier for the terrace crossing strongly depends on the

average inclination of the island and decreases with a decrease in the tilt angle [18]. Also,

based on the results shown in Fig. 5.5, the average inclination of the p-6P4F islands is lower

compared to the p-6P for the same surface density. However, in the case of the p-6P, weaker

attraction to the surface enhances both the diffusivity and cluster formation, but reduces the

chirality at the island edges. There is a threshold surface density where this effect becomes

especially prominent, which is around n=5.82 nm - 2, with an average island inclination angle

of around 76°. Thus, with less inclined islands, where the chirality is significantly reduced at

the island edges at the surface densities higher than n>=5.82 nm - 2, p-6P experiences higher

barrier for the terrace crossing compared the p-6P4F, which hampers layer-by-layer growth

starting from the 2ML.

This difference in growth mode between p-6P and p-6P4F can be explained by analyzing

three properties: (i) the diffusion coefficient, (ii) the step-edge barriers of the MLs for the

adsorbed molecules, (iii) the binding energies of the adsorbed molecules to the respective

surfaces. In the following sections we will study these three properties and find a relationship

between the type of surface, the degree of chirality and the growth mode. Also, we will discuss

the potential inaccuracy of the more refined calculations on step-edge crossing energetics,

where the chirality and similar structural irregularities of the island are commonly neglected

and only perfect crystal shapes are considered.

Structural properties of the 2ML

In this section we investigate the structural properties of the 2ML by quantifying unit cell

parameters. Table 5.2 shows the room-temperature (herringbone-phase) properties of the

p-6P and p-6P4F. After the completion of the 2ML, the final structure is equilibrated with

gradual temperature annealing by decreasing the system temperature from T=580 K to
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T=300 K.
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Figure 5.7: Projection of the molecular center-of-mass radial density distribution onto the x-y-plane, showing
the close "environment" of each molecule, averaged over all molecules consisting of the p-6P molecules at
T = 300 K for a) 1ML, b) 2ML and c) comparison between the respective unit cell \vec{}a-axis of the 1ML and
2ML.
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Figure 5.8: Projection of the molecular center-of-mass radial density distribution onto the x-y-plane, showing
the close "environment" of each molecule, averaged over all molecules consisting of the p-6P4F molecules at
T = 300 K for a) 1ML, b) 2ML and c) comparison between the respective unit cell \vec{}a-axis of the 1ML and
2ML.

In the case of the p-6P 1ML and 2ML structures, the 1ML and 2ML unit cells are rotated

around the z-axis relative to each other by 111°. The distance between the 1st and 2nd ML

in z-direction is 2.431\pm 0.262 nm. In the case of the p-6P4F 1ML and 2ML structures, the

1st and the 2nd ML unit cells are rotated around z-axis relative to each other by 152°. The

distance between the 1st and the 2nd ML in z-direction is 2.473\pm 0.405 nm.

Due to the repulsive interactions between the fluorinated molecular termini in p-6P4F,

the p-6P4F structure shows a lower level of structural ordering compared to the p-6P (see
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Table 5.2: Calculated room-temperature (herringbone-phase) properties of the p-6P and p-6P4F 2ML struc-
tures. Obtained results are compared with the results from the MD simulation [157] and experimental [168]
studies of the p-6P bulk crystal structure properties at T = 300 K. Inclination angle, \Theta , is defined as an angle
between the z-axis and LMA. Herringbone angle, \theta , is defined as an angle between the average molecular
planes of each two molecules of a unit-cell base. Torsion angle, \varphi C - C , is defined as an angle between each
consecutive ring of every molecule.

a (nm) b (nm) \gamma (°) \theta (°) \Theta (°) \varphi C - C (°) \rho (g/cm3)

p-6P 2ML 0.86\pm 0.06 0.56\pm 0.03 91.50\pm 6.30 57.30\pm 14.9 38.00\pm 22.00 13.80\pm 9.70 1.33\pm 0.06

p-6P4F 2ML 0.97\pm 0.08 0.51\pm 0.06 81.60\pm 18.5 62.00\pm 18.50 38.00\pm 22.00 17.00\pm 10.70 1.31\pm 0.09

Ref. [157] 0.827\pm 0.01 0.548\pm 0.01 89.80\pm 3.30 61.7\pm 13.70 17.70\pm 6.00 15.70\pm 7.90 1.29\pm 0.02

Ref. [168] 0.809 0.557 90.00 66.00 18.00 20.00 1.30

Figure 5.8). The 1ML structure in both cases is less ordered compared to the 2ML structure,

which comes as an effect of the interaction with the underlying silica surface. Even though

the molecules are packed in the bulk crystal structure, the repulsive molecule-molecule and

attractive molecule-silica interactions decrease the degree of ordering in the case of the p-

6P4F.

Interface layers

We observe the presence of horizontal molecules between the silica surface and 1ML, that

belong to the interface layer (IL). The existence of one or several ILs or wetting layers of flat

molecules was reported in several studies for molecules such as pentacene, anthracene and

rubicene [169, 170, 171] where in some cases the insertion of organic ILs has been utilized as

a technique to passivate or manipulate the interaction with metallic surfaces. In our case,

the number of molecules that belong to the interface layer increases with an increase in the

number of polar groups in the molecule and amounts to 3 and 8 molecules for the p-6P and

p-6P4F in the 1ML, respectively, while the 2ML proceeds to grow without a wetting layer.

This might be a consequence of the stronger interaction of molecules with silica compared

to their respective 1MLs (see Figure 5.9). However, as the wetting layers in this case are

characterized based on the single deposition simulation, our result can provide an inspiration

for studying wetting layers from multiple deposition simulations for statistically meaningful

results.
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Some molecules belonging to the IL are able to diffuse on the bare surface but become

kinetically trapped below the growing 1ML terrace, while some others are immobile on

specific positions on the silica surface. As it was previously suggested that these immobile

IL molecules could play a role in the formation of the 1ML on silica [171], it is crucial to

study how the single molecule surface diffusion is related to the formation of ILs.

Single molecule surface diffusion

As molecules are deposited one by one on the surface, each molecule diffuses on the surface

after adsorbed, to eventually integrate into the nearest molecular cluster. Once the clusters

become big enough, the number of upright standing molecules increases until it becomes

energetically favorable for the other molecules to stand up as well. Thus, understanding

the subtle differences in diffusion between the p-6P and p-6P4F can help to understand why

p-6P islands change orientation sooner compared to the p-6P4F.

To study surface diffusion, we compose systems that consist of the silica surface and a

single p-6P or p-6P4F molecule. The systems were equilibrated for 5 ns at T=300 K in

the canonical NV T ensemble. Single molecules are observed to adsorb (in equilibrium) and

Table 5.3: Diffusion coefficients (Dtot(T )) in units of nm2ps - 1 calculated according to eq. 2.26 for single
p-6P and p-6P4F molecules diffusing on the a-SiO2 and 1ML at T=610 K and T=450 K.

on a-SiO2 on 1ML

T (K) p-6P p-6P4F T (K) p-6P p-6P4F

610 5.01\cdot 10 - 4 4.23\cdot 10 - 4 450 2.69\cdot 10 - 3 1.18\cdot 10 - 3

diffuse in a flat-lying geometry on the surface. In Table 5.3 we present diffusion coefficients,

calculated according to eq. 2.26, for diffusion on the bare silica. As we can observe, the

p-6P4F has a lower diffusion coefficient compared to the p-6P on silica. This result indicates

that p-6P4F molecules are more likely to become trapped at the interface layer during the

deposition. The average timescale for the diffusion process to be activated on the surface

is about 1 ns on average[172]. This suggests that one should refer to the system-specific

diffusion timescale while opting for a deposition rate in the MD simulations of growth (note

that in this case the chosen deposition rate of 3000 - 1 ps - 1 is roughly three times higher
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than the average diffusion timescale). Increasing the deposition rate sufficiently above the

diffusion timescale might lead to a decrease in the number of molecules participating in the

wetting layer, as there is a correlation between the diffusion coefficient and the number of

molecules participating in the IL.

In Table 5.3 we include the diffusion coefficients on the 1ML, once the 1ML is completed,

for the two molecules. In this case, the studied system consists of the silica surface, the

completed 1ML and a single p-6P or p-6P4F molecule diffusing on the top of the 1ML. The

systems were equilibrated for 5 ns at T=300 K in the canonical NV T ensemble. We see

that the diffusion coefficients on the 1ML are about 1 order of magnitude higher compared

to the diffusion coefficients on amorphous silica. This result supports our finding that, once

the 1ML is finished, the orientational change in the 2ML happens sooner (see Figure 5.4)

as molecules diffuse significantly faster than on the bare silica and are able to find their

neighbours sooner during a given simulation time, and bind to them. Calculated diffusion

coefficients in Table 5.3 also demonstrate that p-6P diffuses faster on the bare silica and

the 1ML than the p-6P4F, due to its lower surface free binding energy compared to its

fluorinated derivatives. This confirms that understanding the molecule-surface interactions

and diffusion behaviour on a single-molecule level can help in understanding the origin of

subtle differences in the growth dynamics of molecules.

Surface binding energy

Figure 5.9 compares the binding free energies on three different surfaces onto which molecules

are deposited: amorphous silica, 1ML and 2ML. The binding free energy is defined as a

difference between the free energy in the adsorbed state and free energy in the desorbed

state (molecule far away from the surface). We find that the surface binding free energy

decreases with each new molecular layer. Evidently, the p-6P4F binds stronger to the silica

surface, 1ML and 2ML, compared to the p-6P. The stronger binding is a consequence of the

polar head and tail groups in the p-6P4F interacting with underlying surface dipoles. As a

result, an increase in the number of polar groups also hampers the diffusion on silica and

also on 1ML and 2ML. This, in turn, increases the number of molecules participating in the
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wetting layer on the bare silica compared to the MLs.
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Figure 5.9: Comparison of the binding free energy of the p-6P4F and p-6P molecules at T = 575 K on three
different surfaces: amorphous silica surface, 1ML and 2ML. The p-6P4F binds stronger to the silica surface,
1ML and 2ML, compared to the p-6P.

As an important consequence of the stronger binding to the underlying surfaces, there

is a high probability for the p-6P4F to grow into fan-like structures in the early stages of

2ML and 3ML formation. Our finding suggests that strong binding to the surface favors

chirality, while the chirality facilitates the smooth growth observed during the growth of the

1ML (in case of both molecules) and all subsequent layers of the p-6P4F. As for the p-6P,

if the binding energy becomes small enough, the molecules lose their chiral state before the

layer is fully formed. This, in turn, increases the inclination of the island and the step-edge

barrier, which ultimately hampers the downward diffusion. On the other hand, chirality at

the edges of the p-6P4F islands facilitates downward mass transport and conversely, layer-

by-layer growth, as the molecule can always find an energy pathway low enough for it to

descend the terrace.
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Step-edge barrier discussion

As mentioned previously, the growth process proceeds by sequential attachment of molecules

at the cluster and the terrace edges. There is a free energy barrier associated with molecule

ascending over the terrace and integrating into the terrace edge. However, as the molecules

are growing into islands with irregular structure (see Figure 5.6), the quantification of the

barrier becomes problematic. In a previous study [22] where step-edge barriers for struc-

turally similar adsorbates are quantified, it has been shown that there is a positive correlation

between surface binding energy and the height of the step-edge barrier, on a fixed terrace

structure (atoms of the surface with a terrace are simulated fixed during the simulation).

However, there are more variables contributing to the step-edge barrier, such as the angle

which the step-edge molecules form with the top layer. As demonstrated in Ref. [173], the

higher the angle that the step forms with the surface (i.e. more upright standing step-edge),

the higher the step-edge barrier becomes. It is clear, from Figure 5.5, that the p-6P step

forms a higher angle compared to the p-6P4F. This ultimately leads to a higher step-edge

barrier. However, in the chiral structure it is difficult to accurately define a "step angle".

The reason for this is because the steps consist of molecules with a geometrically complex ar-

rangement and the step-edges that they form exhibit local structural variations, thus severely

complicating the calculation of the barrier.

The step edge structure is additionally compromised by the descending molecule and thus

does not maintain its structure throughout the simulation. To attempt to measure the

barrier for the molecule descending the step edge, we simplify the problem and construct

the two layers using the measured unit cell parameters from Table 5.2, with the dimensions

14.56x15.49 nm2. The second layer is then cut to create a well-defined terrace step edge.

The step-edge structure was then simulated fixed in time and space and only the probe

molecule was thermally activated and pulled across the terrace. The p-6P and p-6P4F probe

molecules, initially situated horizontally on the surface above the step, are pulled across the

step-edge for the molecule to sample different xi positions along the reaction coordinate (see

Section 2.4.2 for the simulation details). Different system configurations that correspond to

different xi positions are then used to create umbrella windows with a typical spacing of 0.1
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Figure 5.10: a) The free energy of the p-6P and p-6P4F as a function of COM distance from the "idealized"
step-edge, prepared using the unit cell data shown in Table 5.1. The height of the barrier corresponds to
10.61 kJ/mol and 18.45 kJ/mol for the p-6P and p-6P4F, respectively. b) The free energy of the rigid and
flexible p-6P as a function of the distance from the step-edge. The height of the barrier corresponds to 10.06
kJ/mol and 22.70 kJ/mol for the flexible and rigid molecule, respectively.

Note that the inclination angle in Table 5.2 is roughly the same for both molecules. How-

ever, according to Figure 5.9, the p-6P4F has a higher binding free energy to the top layer

compared to the p-6P. Both of these parameters influence the step edge barrier, as concluded

in Ref. [22]. As the inclination of the step is roughly the same for both molecules, the higher

binding free energy to the frozen top layer might increase the step edge barrier for the ide-

alized p-6P4F structure. We confirm this expectation in Figure 5.10. If the chirality and

the actual step edge structure are neglected and the step edge is rather simulated with the

unit cell structure and frozen in time and space, as it is done often in the calculations of the

step-edge crossing energetics, we find that the p-6P4F experiences a higher step-edge barrier

compared to the p-6P. Thus, in our calculation we were able to reproduce the positive cor-

relation between the high step-edge barrier and a high binding free energy to the top layer,

as predicted by [22].

However, in growth reality, where islands with geometrically complex and highly varying

step-edge structures are observed, the step-edge barrier calculated for the molecule crossing a

simplified or a frozen step-edge can not yield results consistent with the observations during

growth.

Figure 5.11 shows the 2D map of the rotational free energy barriers, F (x, \theta ), as a function

of x and angle \theta between the LMA and the x-axis for the a) p-6P and b) p-6P4F. The free

energy landscapes shown in Figure 5.11 provide a direct interpretation of the pathway the
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molecule takes while descending or ascending the step edge. Both molecules display similar

step-edge crossing mechanisms. The position of the step edge in Figure 5.11 is at x \approx 8.3

nm. When the molecules approach the step, the free energy barrier is minimized for the

angle \theta \approx 90°, so both molecules rotate in the x-y-plane around their LMAs so that they

align their LMAs parallel to the step edge. After the molecules descend the step, there is still

a high probability for the p-6P4F to sample the angle \theta \approx 90°, while the p-6P samples the

angles ranging from 10° to 90°, for the x \in [6, 8] nm. This might indicate a higher rotational

barrier for the p-6P4F compared to the p-6P on their respective layers. Also, it suggests

that, even after the step edge is overcome for the p-6P4F, the molecule still interacts with

molecules in the terrace, preferably in the parallel orientation (with \theta \approx 90°).

However, due to the higher binding energy of the p-6P4F to the top layer, the translational

and rotational diffusion are more hampered compared to the p-6P. This might decrease the

ability of the molecule to form favorable interactions within the crystal and on the top surface

which could minimize the respective step-edge barrier. In the work of [22], the step-edge
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Figure 5.11: The 2D map of the free energy F (x, \theta ) as a function of position in x and angle \theta between the
LMA and the x-axis for the a) p-6P and b) p-6P4F. The step edge is positioned at x=8.3 nm. The right
side of the plots corresponds to the top of the ML, from where the molecule ascends down the terrace onto
the layer below.

barriers calculated for pentacene crossing its self step-edge are consistent on both frozen

and thermally activated step edges. Taking into account that pentacene is the structurally

simpler molecule (that has a smaller number of internal degrees of freedom) compared to the

p-6P and p-6P4F, the step-edge kept its structural integrity even when thermally activated.

Thus, for future calculations of the step-edge barriers for structurally complex molecules,

one has to confirm that the underlying step edge structure is a good representative of the

real, grown structures, either from experiments or insights obtained in MD simulations, that
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5.10. Influence of the deposition rate on growth dynamics

take into account thermal and structural disorder and kinetic effects.

Finally, to compare the influence of internal degrees of freedom during the step-edge

crossing event, we calculate the homo step-edge barrier for a normally flexible and for a

rigid (internal degrees of freedom constrained with harmonic potentials) p-6P molecule. The

obtained results are compared in Fig. 5.10 b). The effective free energy barrier for crossing

the self step-edge is minimized due to the molecule’s orientational degree of freedom (rotation

on the surface plane) and torsional degrees of freedom, as it descends the barrier orienting

itself almost parallel to the step edge. Interestingly, a similar step-edge crossing pathway,

where the molecule crosses sideways, has been previously reported for p-6P crossing a self-

Ehrlich-Schwöbel barrier of its own crystal ([174]). Self step-edge (potential) barriers for

molecules such as tetracene, pentacene, diindenoperylene (DIP), rubrene and sexiphenyl

were previously reported in Ref. [174]. The height of the free energy barrier predicted here,

regarding the self step-edge crossing, is lower than the value of 32.5 kJ/mol for the Ehrlich-

Schwöbel potential energy barrier reported in Ref. [174]. This might indicate that there is a

substantial entropic contribution to the step edge free energy barrier at T = 300 K.

Influence of the deposition rate on growth dynamics

In this chapter we discuss the influence of the attempted deposition rates on the growth

dynamics of the molecules. The deposition process was simulated with three different de-

position rates: 3000 - 1 ps - 1, 300 - 1 ps - 1 and 30 - 1 ps - 1. Results obtained by depositing

molecules every 30 ps do not result in uniform, layer-by-layer growth, as observed for lower

deposition rates. The underlying reason for this is that the timescale of 30 ps is between

1 and 2 orders of magnitude lower than the observed diffusion time scale. This prevents

the molecule once it is deposited from diffusing to one of the neighbouring cluster units or

ascending over the terrace to integrate into the existing layer, before the next molecule is de-

posited. This results in the formation of many irregular cluster shapes on the substrate with

a surface density of n=3.04 nm - 2 for both p-6P and p-6P4F. Fig. 5.12 compares the results

for the average tilt angle, monolayer height and roughness between the deposition rates of

3000 - 1 ps - 1 and 300 - 1 ps - 1 at T = 575 K, in case of the p-6P. Furthermore, as the deposition
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Figure 5.12: Average a) tilt angle, b) height and c) monolayer roughness as a function of surface number
density for the p-6P, compared between the two deposition rates of 3000 - 1 ps - 1 and 300 - 1 ps - 1 at T = 575
K.

rate decreases from 300 - 1 ps - 1 to 3000 - 1 ps - 1, the critical surface density necessary for the

molecules to have an orientational change from a lying to an upright standing configura-

tion decreases: Decreasing the rate by one order of magnitude results in the critical surface

density decrease from about 350 to about 200 molecules (in this case we define the critical

cluster as the cluster comprising upright standing molecules). Lower deposition rates enable

proper system equilibration and allow molecules to diffuse to nearby cluster units and bind

to them. Once the clusters become big enough, the number of upright standing molecules

increases until it becomes energetically favorable for the other molecules to stand up as well.

In case of the deposition rate of 3000 - 1 ps - 1 (see Fig. 5.1 a)-d)), after the surface density

of n=1.52 nm - 2 and n=1.75 nm - 2 for the p-6P and p-6P4F, respectively, is reached, they

start forming stable, upright standing molecular clusters. In case of the deposition rate of

300 - 1 ps - 1, larger surface densities are required to observe the orientational change (n=3.04

nm - 2 for the p-6P and n=2.66 nm - 2 for the p-6P4F). In case of the p-6P the existence of

bimodal phases (phases containing both lying and upright standing molecules) is observed

after n=3.80 nm - 2. As the deposition continues and reaches n=4.18 nm - 2 for the p-6P and

n=3.88 nm - 2 for the p-6P4F, all molecules (besides the wetting layer which is about 6%

and 4% of the first monolayer (1ML) in case of p-6P and p-6P4F, respectively) have the

upright standing orientation, with an average tilt angle of about 54° and 68°. The value of

68° is comparable to the average tilt angle of pentacene molecules in a bulk-like monolayer

adsorbed on a-SiO2 calculated in [175], which is the stable low-temperature polymorph of

crystalline pentacene.
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Summary and concluding remarks

In summary, we have theoretically investigated the role of change in polarity on nucleation

and growth of the p-6P and its symmetrically fluorinated derivative, p-6P4F, on the amor-

phous silica surface. We simulated the experimental vapor deposition process with all-atom

molecular dynamics simulations, using three different deposition rates. The growth of up to

three complete monolayers is reproduced and monitored with the help of observables such

as average height, surface roughness and average tilt angle as a function of time, together

with the visual inspection of the grown structures. In both cases, we observe the orienta-

tional change from lying to upright standing configuration once the critical surface density

is reached. During the formation of both the first and second monolayer, molecules tend to

grow in chiral, fan-like, structures, where each consecutive molecule has a higher angle be-

cause it is propped by all the other molecules lying underneath. The growth of chiral islands

is the main mechanism with which the growth of the p-6P4F proceeds, while the p-6P, due

to the lower interaction with the underlying substrate, grows into islands with a lower degree

of chirality. This ultimately leads to a lower barrier for step-edge crossing for the p-6P4F,

as the molecules adsorbed on the top of the chiral, structurally diverse island, have more

different pathways available to ascend the terrace than the p-6P on the p-6P island. Thus,

p-6P4F molecules have a relatively high chance to find an energy pathway low enough for

them to descend the step-edge and integrate into the existing layer. Once the monolayers are

completed, we measure the room-temperature unit cell parameters with values well within

the spread of the literature values, which confirm that both molecules grow into a single

crystalline phase.

An important implication of our findings is that partial fluorination of the p-6P molecule

can significantly alter its growth behaviour by modifying the rough, 3D growth into a smooth,

layer-by-layer growth in case of the p-6P4F. This has implications for the rational design

of molecules and their functionalized forms which could be tailored for a desired growth

behavior and HIOS structure formation.
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Summary of the thesis

In this thesis we developed new strategies for the theoretical prediction of transport proper-

ties of conjugated organic molecules on inorganic surfaces, as well as on characterizing their

nucleation and growth mechanisms. We focused on investigating short oligophenyls, rang-

ing from phenyl to p-6P, together with fluorinated versions of the p-6P, namely, p-6P2F and

p-6P4F in combination with ZnO and a-SiO2 as inorganic substrates. By employing stochas-

tic dynamics simulations we quantified entropic contributions to the free energy barrier of

surface diffusion for molecules of varying length. Furthermore, we were able to investigate

the role of change in molecular polarity on surface diffusion and binding to the anisotropic

ZnO
\bigl( 
1010

\bigr) 
surface. Lastly, we determined the influence of change in polarity of COMs

on nucleation and growth on the a-SiO2 surface, using the simulated vapor-deposition ap-

proach. Our results included quantitative predictions of surface binding energies, surface

diffusion coefficients and structural properties of grown layers of COMs. The simulation

approaches presented in this thesis can be applied to other hybrid systems with structurally

more complicated COMs and in developing more detailed models of the IO interface.

In chapter 1 we started by introducing the inorganic ZnO
\bigl( 
1010

\bigr) 
and a-SiO2 surfaces,

together with the p-6P and its structurally related, short oligophenyls ranging from phenyl

to tetraphenyl (p-4P), as representatives of the widely investigated HIOS systems. Despite

the high quantity of successful applications of HIOS devices, considering their extensive

future application potential, there still exist many open questions regarding their complex

working principles. Due to the close structure-property relationship in HIOS devices, we

place our main focus on understanding the first kinetic steps of the thin film growth and

interface formation. In our work we opted for classical atomistic MD and SD simulations

as our main methods. These methods allowed us to access the entropic contributions from

internal (torsional and bending) degrees of freedom, while also enabling us to study processes

that occur on long time and length scales, such as single-molecule surface diffusion and self-

assembly and growth of molecules into ordered structures on the surface. For the evaluation
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of the simulation trajectories, we used methods from statistical physics, crystallography and

diffusion theory, as introduced in chapter 2.

In our first study (see chapter 3) we focused on systems composed of short oligophenyls

adsorbed on a-SiO2 surface. Starting with a single phenyl ring (P) we systematically in-

creased the length (while adding to the internal degrees of freedom) up to six phenyl rings,

linearly connected via single bonds (p-6P). The oligophenyls considered in this work possess

many degrees of freedom in respect to translation, rotation, bending, torsion and vibrations,

which all influence the intermolecular motion and interaction with the underlying surface.

Despite the ample amount of simulation literature, many urgent questions about the role

of internal degrees of freedom and complexity of larger molecules in surface diffusion remain

open. Therefore, in this work we address those questions by studying the role of entropy

in surface binding and diffusion of single oligophenyl molecules with varying length. The

molecular surface diffusion was described by an activated process following the Arrhenius

law with the diffusion barrier in the exponent and a prefactor containing the jump length,

attempt frequency and all entropic contributions. However, the decomposition into these

three contributions in the prefactor is difficult to achieve, both experimentally and theoreti-

cally, especially because the quantitative role of molecular entropy in diffusion (in particular

for molecules with complicated internal degrees of freedom) is still not well understood. In

this work, we successfully performed such a decomposition while finding meaningful values

for the jump length, attempt frequency and entropy. After quantifying the diffusion energy

barrier, which scales nearly linearly with the chain length, we found that larger prefactors

in the Arrhenius equation correlate with larger diffusion barriers and thus reproduce the ex-

perimentally observed energy-entropy compensation. Interestingly, while the increase in the

diffusion barrier is accompanied by a substantial increase in the entropic contribution (which

amounts to 30-50% of the free energy of diffusion), the attempt frequency stays the same

and close to the thermal frequency, kBT/h. Thus, it was interesting to see that the atomistic

simulations of such a chemically specific system and the universal thermal frequency are so

close to each other. Conclusively, it is of high importance to consider entropic effects in

surface diffusion of larger adsorbates with complicated internal degrees of freedom.

Next, we modified the chemical structure of the p-6P by replacing the molecule’s hydro-
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gen with fluorine atoms on one (p-6P2F) or both (p-6P4F) molecular termini (i.e. partial

fluorination). Motivated by experimental studies that report vastly different self-assembled

structures on inorganic surfaces induced by partial fluorination, we focused on studying the

influence of fluorination on single-molecule surface diffusion on the inorganic ZnO
\bigl( 
1010

\bigr) 
surface. The ZnO

\bigl( 
1010

\bigr) 
surface is a prototypical metal-oxide surface with an anisotropic

electrostatic pattern caused by surface-terminating dipoles.

At first, we showed that the increase in the number of fluorinated, polar groups decreases

the diffusivity in the non-polar direction of the surface, but increases the diffusivity in the

polar direction (direction of surface dipoles). We demonstrated that this rather unexpected

behavior of different trends with fluorination in different directions can be traced back to

complex electrostatic many-body interactions between the negatively charged fluorine atoms

on one hand, and the positively charged zinc atoms and negatively charged oxygen atoms on

the other hand. As a net effect of such many-body interaction, there is an electrostatic mis-

match that leads to overall weaker binding of the more fluorinated molecules and facilitates

the diffusion in the polar direction and also the rotation on the surface plane. This rather

complex diffusion behavior was explained in detail by detecting the driving molecule-surface

interactions, that govern the diffusion process in the polar direction. Our results imply that

partial fluorination of the p-6P molecule can significantly alter its surface binding and sur-

face diffusion on a single molecule level, by modifying the degree of anisotropy in the net

effective surface free energy landscape.

As an extension of that study, we investigate the influence of change in molecular polarity

on self-assembly and thin-film growth of the p-6P and its symmetrically fluorinated deriva-

tive, p-6P4F, on the inorganic a-SiO2 surface. For this, we employ a simulation approach

that mimics the experimental vapor deposition process, by inserting one molecule at a time

into a simulation box above the surface, while probing three different deposition rates. We

simulate the growth of up to three complete monolayers, during which we monitor observ-

ables such as average height, surface roughness and average tilt angle as a function of time,

together with a visual inspection of the trajectories. Once the critical surface density is

reached, we observe an orientational change from a lying to an upright standing configura-

tion, for both molecules. The change from lying to standing orientation has been previosuly
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observed in experiments of vapor deposition of p-6P and p-6P4F on the ZnO
\bigl( 
1010

\bigr) 
sur-

face [17]. Once the molecular clusters become big enough, the number of upright standing

molecules increases until it becomes energetically favorable for the other molecules to stand

up as well. The most important finding of this study is that the increase in the number of

polar groups changes the rough, 3D growth mode of the p-6P to a smoother, layer-by-layer

growth mode of the p-6P4F, as observed previously by in situ atomic force microscopy and

in situ real-time X-ray scattering experiments [17]. By using the advantages of the MD

simulations, that can take into account thermal and structural disorder and kinetic effects

during growth, we observe that both molecules, in the initial phase of growth, tend to grow

in chiral, fan-like, structures, where each consecutive molecule has a higher angle because it

is propped by all the other molecules lying underneath. The p-6P, due to a relatively low

interaction with the underlying p-6P islands, eventually grows into islands with a lower de-

gree of chirality, while the growth of chiral islands remains the main mechanism with which

the growth of the p-6P4F proceeds on higher layers. This ultimately leads to a lower barrier

for step-edge crossing for the p-6P4F compared to the p-6P, as the molecules adsorbed on

the top of the chiral, structurally diverse island, have more different pathways available to

ascend the terrace than the p-6P on the p-6P island. Once the the monolayers are completed,

we were able to measure and quantify the room-temperature unit cell parameters, which are

well within the spread of the literature values and demonstrate that both molecules grow

within a single crystalline phase.

Outlook

The research summarized in this thesis can be extended in several directions. Firstly, the

constantly advancing experimental techniques require an input from theoretical methods to

understand the complex physical phenomena in the HIOS interface formation. Secondly, an

increase in computational efficiency with time can enable theoretical approaches to study

experimentally relevant structures in a greater level of physical detail.

Recently there has been much interest in studying molecular surface diffusion in exper-

iments, because it became possible to access some of the interesting features of molecular
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internal structure and its surface kinetics [176, 177, 178, 179].

To this we contributed in our work on surface diffusion of short oligophenyls. We provided

a scaling law for the diffusion energy barrier and entropy of diffusion for chains ranging from a

single phenyl ring up to six rings. However, it remains an open question whether longer, rod-

like molecules will follow the predicted law. Longer, structurally more complicated chains

might display exotic diffusion mechanisms, governed by long jumps which can ultimately lead

to a decrease in the energy barrier for diffusion, as predicted by [180]. This question remains

to be answered by future MD simulations of structurally similar or even more complex

adsorbates.

In our study on influence of molecular polarity on the surface diffusion on ZnO, we em-

ployed constraints for the atoms of the surface, to save on the simulation time in order to

be able to reproduce long time diffusion dynamics. In the future it is necessary to develop

ZnO models with which surface degrees of freedom can be simulated, perhaps by expanding

on previous simulation studies of atomic vibrations in bulk-ZnO. [181] An additional step in

modeling a realistic ZnO surface would be to consider its dipole-dipole interactions explic-

itly, by using polarizable force fields [182]. In this way the molecule-surface dipole-dipole

interactions and their influence on surface diffusion could be explored.

The force fields for organic molecules used in this work, can be additionally parameterized

to account for the \pi conjugation, where the necessary force field parameters can be obtained

from DFT calculations [23]. The \pi interactions will be especially important to consider

for studies of stronger conjugated molecules such as Diindenoperylene (DIP) or Coronene

(COR) [183]. Conclusively, because of the unavoidable model simplifications employed in

our work, the input from experiments is required to confirm the reliability of our results.

The required input can be obtained from, for instance, transmission electron microscopy

or fluorescence microscopy methods, which can trace individual COMs during diffusion on

surfaces.

The increase in size and complexity of the systems studied here, starting from a single

molecule to thousands of molecules deposited on the surface during growth, require more

efficient sampling methods to reproduce growth events that occur on experimentally relevant

time and length scales. For this, new computational infrastructures have to be accessible
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that provide easy access to high performance computing.

We have demonstrated the ability of MD simulations to simulate the growth of the p-6P

and the p-6P4F molecules into the correct crystal structures on the surface, while repro-

ducing several growth phenomena observed in experiments. An interesting follow up of our

simulations would be to explore the growth of the asymmetrically fluorinated p-6P2F, as the

strong net dipole moment of the molecule might have a significant impact on self-assembly

and growth [76]. Also, more detailed analyses could include the growth on surfaces with

different surface terminations, as the surface termination determines the orientational pref-

erence of the adsorbed molecules.

In our simulations, we have shown that the partial fluorination reduces the average mono-

layer roughness and the formation of "wedding-cake"-like structures that can lead to the

occurence of grain boundaries in thin films [184, 185, 186]. Grain boundaries typically act as

kinetic traps for charge carriers propagating through the material and determine the over-

all optoelectronic properties of the hybrid device. Thus, one possible way to reduce such

structural defects could be a targeted chemical tuning of the p-6P into p-6P4F, together

with a smart selection of the underlying substrate. Firstly, a pathway for a careful selec-

tion of the inorganic substrate would start with studying adhesion and diffusion dynamics

on a single molecule level. Such studies can reveal the limiting kinetic steps due to high

kinetic (translational and rotational) diffusion barriers that can determine the molecular

self-assembly and growth behavior. Secondly, studying the interplay between the molecular

binding to the cluster and the binding to the inorganic surface in atomistic simulations can

further indicate the tendency of the molecule to form lying or upright standing clusters.

The next step in the computational modeling of hybrid interface formation would be to

investigate the self-assembly and growth at the experimental time- and length-scales. For

this, MD simulations can provide important input parameters, such as diffusion coefficients,

diffusion energy barriers and surface binding energies for faster but less detailed (coarse-

grained) kinetic Monte Carlo (kMC) simulations [183, 187, 188, 165]. These parameters

can be implemented in the "full-diffusion" or Arrhenius-type growth models in kMC based

on activation energy-dependent hopping rates [189, 190, 191], that are able to reproduce

experimental morphologies of the simulated systems or study the kinetic surface roughening.
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Importantly, kinetic parameters accessible in MD can be used as a benchmark for the

kinetic parameters estimated in experiments using a classical nucleation theory (CNT), orig-

inally established in inorganic epitaxy [192, 193] and applied in organic growth in Ref. [173,

17]. Within the CNT, the island growth is described with rate equation models that depend

on the kinetic parameters such as Ehrlich-Schwöbel and diffusion energy barriers, that are,

as shown in this work, accessible in the atomistic simulations. Having in mind the higher

structural complexity of the organic building blocks and a rich spectrum of the observed

growth mechanisms, MD can serve as a benchmark for testing the validity and accuracy of

the CNT.

This provides a strategy to bridge contributions from simulations at different time- and

length-scales to provide input for experimental observations or even, preferably, to direct

experiments into probing optimal combinations of materials in order to obtain more efficient

hybrid devices.

Finally, with the work summarized in this thesis, we have demonstrated new simulation

strategies that explore dynamic properties of HIOS structure formation, by expanding on

previous theoretical studies and referring to experimental observations. In the future, contin-

uous development of multiscale simulation methods will thus be required for a comprehensive

understanding of the ordering phenomena observed in HIOS materials.
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