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1 Introduction

Science is organized knowledge.

Herbert Spencer

(1820-1903)

M ATERIALS science as an interdisciplinary field of research
has always dealt with the creation of new structures and

materials, combining methods from chemistry and physics as
well as biology. Not only are the applied methods manifold, but
so are the created systems that cover several orders of mag-
nitude, ranging from macroscopic creations such as alloys and
compound materials to microscopic structures and beyond. Es-
pecially the increasing miniaturization has attracted great at-
tention in recent years, e.g. in the field of electronics, where
the ultimate goal of this miniaturization would be integrated cir-
cuits that are based on single atoms and molecules, with circuit
paths being no wider than a few nanometers. This, of course,
raises the question of how to make these (sub)-nanometer struc-
tures accessible for manufacture.

Approaches to produce structures in the sub-100 nm regime now-
adays include techniques such as electron beam and X-ray litho-
graphy1 or even the manipulation and arrangement of single
atoms using scanning probe techniques.2 They can be classified
into two kinds of processes, namely top-down and bottom-up ap-
proaches. In the bottom-up approach, single building blocks are
used as starting point to create the desired structures, similar
to an engineer that assembles different machine parts into a
working engine. Top-down processes, in contrast, start from an
already existing bigger object and work their way down to the
desired structure. The aforementioned lithographic methods are
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1 Introduction

classical examples for a top-down approach, while the atom-by-
atom arrangement is a typical bottom-up process.

While an impressive degree of structural control, even over sin-
gle atoms, can be achieved in that way, another important aspect
has to be considered as well. The construction of application-
relevant structures renders serial techniques that only address
single atoms and molecules useless in terms of efficiency for
mass production. Instead, a parallel approach is needed, such
as molecular self-assembly, where conformational instructions
are conveyed to the ensemble of molecules that are intended as
building blocks as a whole. These instructions can be encoded
in the structure of the molecules themselves, be imposed on the
molecules via carefully chosen and prepared substrates or be in-
duced by changing environmental parameters such as temper-
ature or pressure. The challenge herein lies in drafting these
conformational instructions precisely enough to achieve the de-
sired results in an efficient way, but at the same time maintain-
ing enough flexibility for these instructions to be applicable to a
large ensemble of building blocks.

In this thesis, molecular self-assembly will be used as a parallel
bottom-up approach for the creation of molecular structures on
an insulating substrate, namely the calcite(10.4) surface. While
great progress has been made in the field of self-assembled struc-
tures on metallic surfaces in recent years,3 working on insulat-
ing substrates remains challenging due to the much lower sur-
face and interaction energies. The use of insulating substrates,
however, is compulsory for the creation of molecular electronic
devices, as circuits and substrate have to be electronically de-
coupled. In chapter 2, I will illustrate the concept of molecu-
lar self-assembly and give an overview over the challenges that
arise from anchoring organic molecules to insulating surfaces.

The technique used here to investigate the self-assembled struc-
tures is non-contact atomic force microscopy operated under ultra-
high vacuum conditions. Using this technique, it is possible to
image insulating substrates and self-assembled structures with
atomic precision. In chapters 3 and 4 I will elaborate on the prin-
ciples of atomic force microscopy and introduce the setup used in
this thesis.
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Chapter 5 will deal with the properties of the bulk insulator cal-
cite. The focus will lie on the description of the calcite (10.4)
cleavage plane upon which the experiments in this thesis were
conducted.

In chapters 6-8, I will present my results on the systematic func-
tionalization of organic molecules and the influence of these vari-
ations on the self-assembled structures. Chapter 6 will describe
the investigation of molecules from the class of shape-persistent
oligo(p-benzamide)s whose molecular core is specifically designed
for electrostatic anchoring to the substrate surface. I will, amongst
others, demonstrate how the addition of single moieties, such as
an alkyl chain, decisively alters the molecular adsorption geom-
etry while the basic adsorption mechanism stays the same for all
molecules.

I will then continue with the investigation of the self-assembly
of different derivatives of terephthalic acid in chapter 7. Here,
in contrast to the previous chapter, the adhesion to the surface
is altered by introducing different functional groups that serve
as anchor functionalities, thus influencing the stability of the
molecular structures on the surface. Similar as for unfunction-
alized terephthalic acid, a strong substrate templating effect on
the structure formation is expected.

Chapter 8 will describe how an intrinsic molecular property, name-
ly the molecule’s chirality, influences the self-assembly process.
I will, for that purpose, compare the results of a racemic mixture
of heptahelicene-2-carboxylic acid with those of the enantiopure
molecules and show, that distinctively different structures arise
from chiral recognition.

The results of this thesis, thus, constitute an important step to-
wards controlling the formation of self-assembled structures on
insulating surfaces. It is demonstrated how the molecule-surface
and molecule-molecule interactions are influenced by providing
molecules with different moieties and anchor functionalities and
how the interplay of these two interactions affects the self-assembly
process. My results can, therefore, act as a guideline for the ra-
tional design of molecules for use in self-assembly processes.
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2 Molecular Self-Assembly

on Insulators

Contents

Choice of Substrate . . . . . . . . . . . . . . . 6

Rational Molecule Design . . . . . . . . . . . . 9

M OLECULAR self-assembly, as a bottom-up process, describes
the autonomous ordering of molecular building blocks into

organized structures. It represents a powerful route for creating
functional molecular structures in a spontaneous and parallel
fashion, i.e., without the need of manipulating individual mole-
cules,4 giving it decisive advantage over serial processes such as
atom-by-atom arrangement using scanning probe techniques.

Confusion is often caused by the various loose definitions that
exist for the term self-assembly. In this thesis, I will follow
the commonly used definition given by Whitesides and Grzy-
bowski:5

"Here, we limit the term to processes that involve
pre-existing components [. . . ], are reversible, and can
be controlled by proper design of the components."

The condition of pre-existing compounds is certainly fulfilled for
the deposition of molecules on a substrate surface. In order to
be reversible, the self-assembly process has to lead to a ther-
modynamic equilibrium state. The term of self-assembly should,
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2 Molecular Self-Assembly on Insulators

therefore, not be applied to, e.g., diffusion-limited structures that
are kinetically trapped in a non-equilibrium state.

Molecular self-assembly on surfaces is controlled by the delicate
balance between intermolecular and molecule-surface interac-
tions. The combination of molecules and substrate, therefore,
is of crucial importance and proper design of these components
provides a highly effective key for tuning the structure forma-
tion.

Choice of Substrate

In the last decades, an impressive range of structures has been
created using molecular self-assembly,6 including, e.g., perfect
two-dimensional overlayers,7 uni-directional rows,8–10 clusters9,11

and porous networks.12,13 Three examples for the richness of the
created structures are shown in Fig. 2.1. These studies have,
however, been limited to metallic substrates as many classical
surface-sensitive tools such as scanning tunneling microscopy or
photoelectron spectroscopy are limited to conducting substrates.

Yet, for the creation of application-relevant devices, these con-
cepts have to be extended to insulating substrates. While high-
resolution imaging can be achieved using atomic force microscopy
(Chap. 3), dielectric substrates pose another, more fundamental
challenge for molecular self-assembly. Most dielectric surfaces
studied so far exhibit only very weak and unspecific binding
towards the molecular building blocks. On metal surfaces, the
strong binding of molecules is mainly determined by the overlap
and energetic separation of molecular and surface orbitals.14,15

In contrast to metal surfaces, insulating substrates exhibit a
fairly large band gap, largely restraining this possibility and,
therefore, leading to overall weaker interactions. This weak in-
teraction severely hampers the formation of self-assembled struc-
tures on prototypical insulating surfaces held at room temper-
ature. Instead, high molecular mobility,16 clustering at step
edges17 and molecular bulk crystal formation18 has been ob-
served frequently.
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Figure 2.1: Examples for molecular self-assembly on metals. (a) Uni-
directional rows of PVBA on Ag (111), demonstrating long-range order-
ing (reproduced from10). (b) Two-dimensional overlayer of ZnPcF8 on
Ag (111). Each star-shaped structure represents a single molecule (repro-
duced from7). (c) TPA-Fe coordination network on Cu (100) (reproduced
from13).

In thermodynamic equilibrium, the wetting properties of mole-
cules deposited onto a surface can be classified into three growth
modes:19

• Frank-van-der-Merve (layer-by-layer growth),

• Stranski-Krastanov (layer-plus-bulk growth) and

• Volmer-Weber (bulk growth).

The observation of bulk growth indicates, that no or only weak
interaction between molecules and sample surface exists. The
surface, thus, does not influence the self-assembly process. How-

7



2 Molecular Self-Assembly on Insulators

Figure 2.2: Wetting
properties of C60 mo-
lecules on different
surfaces as a function of
surface energy γs. Only
for CaCO3 and Ag (110),
stable wetting layers are
observed (reproduced
from25).

ever, this influence of the surface on the self-assembly process is
highly desirable in order to access the structural richness that is
provided by the templating effect of the underlying substrate.20

Therefore, layer-by-layer growth is the favored growth mode for
molecular self-assembly. The templating effect relies on guid-
ing the self-assembly process by locally influencing the molecu-
lar adsorption geometry. This is achieved by either taking ad-
vantage of natural patterning such as defects or surface recon-
structions, or by artificially inducing a surface patterning, e.g.
by electron beam irradiation.21 The choice of substrate and its
preparation, therefore, is the first important parameter to en-
sure structural diversity of the self-assembled systems.

All mentioned growth modes can be related by considering the
surface energy γ of sample and molecules.19 Following this model,
it can be shown that the likelihood of layer-by-layer growth in-
creases for substrates with high surface energies. This readily
explains why stable wetting layers are easily obtained on metal-
lic surfaces, where surface energies are in the range of several
1000mJ m−2, while prototypical insulating surfaces feature sur-
face energies that are about one order of magnitude lower than
that.22–24 As an example, Fig. 2.2 shows how the wetting proper-
ties of C60 molecules change on substrates with differing surface
energies. A substrate appropriate for molecular self-assembly
should, thus, exhibit a large surface energy. While the relation
between substrate surface energy γs and growth modes has been
known for quite some time,19 it is intriguing to see how this sim-
ple macroscopic parameter can be used to classify the eligibility
of substrates for use in molecular self-assembly.25
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Rational Molecule Design

The second big step is choosing molecules that are appropriate
for a particular substrate. The interaction mechanisms for mole-
cules with insulating surfaces are manifold, ranging from weak
van-der-Waals interactions26 and hydrogen bond formation27 to
electrostatic interactions in the case of ionic crystals. In terms of
energies, the binding energy to the surface Eb has to be stronger
than the thermal energy Eth of the molecules. Otherwise, they
would desorb from the surface. On the other hand, self-assembly
requires the molecules to be mobile enough to assemble into a
thermodynamically stable state. Thus, their thermal energy has
to be larger than the diffusion barrier Ed.

Apart from the molecule surface interaction, the intermolecular
interaction, characterized by the energy Einter, has to be con-
sidered as well. Here, additional interactions arise from mech-
anism such as π−π−interaction between aromatic systems. It
is important to note that the strength of Einter cannot be arbi-
trarily high. If, e.g., strong covalent bonds between the molecu-
lar building blocks are already formed upon deposition, making
Einter larger than Eth, self-assembly is not possible any more
as the strong bonds immobilize the molecules and, thus, conflict
with the condition of reversibility.

In order to enhance the stability of the self-assembled structures
it may, however, be desired to create these strong covalent bonds
once the system has settled into a thermodynamic minimum and
the process of self-assembly itself is completed. This on-surface

chemistry has just recently been impressively demonstrated by
Kittelmann et al., who, for the first time, presented the covalent
linking of organic molecules on an insulating substrate.28

Combining the energetic considerations made above leads to a
simple condition for the success of molecular self-assembly pro-
cesses:3

Eb > Einter ≥ Eth ≥ Ed (2.1)

While the thermal energy of the molecules can easily be influ-
enced by changing the temperature of the system, Einter and

9



2 Molecular Self-Assembly on Insulators

Eb depend on the molecular structure itself. They can, thus,
be accessed and tuned by a rational design of the molecular
building blocks. As described above, anchoring the molecules
to the surfaces, i.e. increasing Eb usually is the major challenge
when working on insulating substrates. Secondly, the molecu-
les should be able to interact with the surface in order to make
use of the aforementioned templating effect. If this interaction
is too weak, the substrate will not noticeably influence the self-
assembly process.29 Therefore, it is highly desirable to design
molecules with specific anchor groups that provide a linker to-
wards the surface.

Organic molecules offer a highly flexible chemistry, making them
ideal candidates for that purpose. Besides an abundance of al-
ready existing molecules, the field of organic chemistry provides
the possibility to specifically design new molecules for use in self-
assembly processes. These molecular cores can, in turn, easily
be equipped with different functional groups that change the in-
termolecular interaction or serve as an anchor functionality.

Several attempts have been made in this direction, most of them
based on the electrostatic anchoring of molecules bearing a high
dipole moment with an ionic crystal surface.16,21,30–34 Two ex-
amples of this electrostatic anchoring are shown in Fig. 2.3.

Apart from electrostatic interactions, other anchoring mecha-
nisms can be exploited as well. This will, amongst others, be
demonstrated later on in this thesis. One example is the forma-
tion of hydrogen bonds between molecules and sample. For mole-
cules functionalized with, e.g., a carboxylic acid end group, theo-
retical studies predict hydrogen bonding of the OH groups to the
calcium ions of the calcite (10.4) surface.27 This predicted bind-
ing behavior agrees well with the experimentally determined
binding of several -COOH functionalized molecules on this sur-
face.28,35

Other approaches include matching the dimensions of molecular
building block and substrate in order to enhance the substrate
templating effect or changing the number and/or positions of the
functional groups.36

10



Figure 2.3: Different methods for anchoring organic molecules to insulat-
ing surfaces. (a,b) Triphenylene derivative bound to KBr (001) by electro-
static interaction. The CN-groups are binding to the K+ ions as shown in
the adsorption model (reproduced from34). (c,d) Cytosine on CaF2 (111).
The formation of trimers (see model) in combination with the large molec-
ular dipole moment stabilizes the molecules on the surface (reproduced
from33).

Molecular interactions are, of course, not determined by the func-
tional groups alone. Apart from mechanism like the aforemen-
tioned π−π-stacking between aromatic systems, molecular chi-
rality can play a decisive role in the adsorption geometry.37–41

Additionally, molecules that are achiral in the gas phase can be-
come chiral when confined to two dimensions, e.g. upon adsorp-
tion to a surface (prochirality).33,42 The influence of chirality on
structure formation will also be discussed in this thesis.

However, when designing specific molecules and anchor groups,
an important aspect needs to be considered. While strong bind-
ing towards the surface is desired for creating a stable wetting
layer, the subtle balance between intermolecular and molecule-
surface interactions is mandatory for maintaining structural flex-

11



2 Molecular Self-Assembly on Insulators

ibility. This fact can create conflicting interests as a strong bind-
ing and a well-defined adsorption position is usually incompat-
ible with fine-tuning the molecular arrangement via the inter-
molecular interactions.

To grasp the full potential of molecular self-assembly, therefore,
requires strategies for anchoring the molecular building blocks
towards the surface in a way that maintains flexibility in terms
of intermolecular interaction and relative molecule orientation.
This will, amongst others, be demonstrated in this thesis by com-
paring the adhesion and cohesion properties of different, ratio-
nally designed molecules.
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3 Introduction to AFM
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A LL investigations described in this thesis were performed
using non-contact atomic force microscopy (NC-AFM) under

ultra-high vacuum conditions. In this chapter, I will, therefore,
first give an introduction into the basic aspects of atomic force
microscopy, including a short overview of related scanning probe
techniques. The focus will lie on describing the forces relevant
in AFM as well as different AFM operating modes.
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3 Introduction to AFM

Probe
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x

x

z
y

y z

Figure 3.1: Principle
of scanning probe mea-
surements. Informa-
tion is recorded at every
point of the grid and can
finally be displayed as
a three-dimensional im-
age.

3.1 Scanning Probe Techniques

The atomic force microscope (AFM) has been introduced by Bin-
nig et al. in 1986,43 following up the invention of the the scan-
ning tunneling microscope (STM) in 1982.44 In STM, a tunnel-
ing current between a metallic tip and a conducting sample is
measured, probing the electronic surface states of the sample.
AFM, in contrast, is sensitive to the intermolecular forces, being
able to resolve forces in the order of 10−12 N.45 Both methods
belong to the class of the so-called scanning probe techniques.
Here, a physical probe is scanned in a defined way over the sam-
ple in question and the interaction between probe and sample
is recorded as a function of the spatial coordinates. These infor-
mation can then be displayed in the form of an image giving the
interaction strength at each point of the grid.

All scanning probe techniques have in common that they re-
sult in real-space information about the desired sample as
opposed to scattering or diffraction techniques which access the
reciprocal space. Being able to visualize the atomic corrugation
of a surface in real space for the very first time, the STM laid the
foundation for the development of modern SPM methods and its
inventors were awarded the Nobel prize only four years after the
first report of their discovery.

The decision, which technique to use, depends heavily on the
properties of the sample and the questions that are to be ad-
dressed. The focus of this thesis lies on researching the inter-
action of large organic molecules with insulating surfaces for
their use in future molecular electronics. This requires high-
resolution, real-space information about the sample surface as
well as the morphology of the deposited molecular structures. In
surface science, among the most common techniques to achieve
this are the STM and the AFM. As STM measurements are re-
stricted to conducting surfaces, the AFM, which is capable of
imaging insulating samples with highest precision, is the tech-
nique of choice.

In the following sections, I will therefore first discuss the rele-
vant forces acting on an AFM probe, usually a sharp tip at the

14



3.2 Forces in AFM

Figure 3.2: Scanning electron microscopy (SEM) image of a silicon can-
tilever as typically used in AFM measurements. The inset shows the can-
tilever support chip mounted on a sample holder for use in an Omicron
VT AFM. Images are reproduced from Ref.46 courtesy of

end of a cantilever as depicted in Fig. 3.2, followed by a discus-
sion of different AFM operating modes including their individ-
ual advantages and drawbacks. Special attention will be given
to the question of contrast formation in AFM which is crucial for
the correct interpretation of the measurement data.

The discussion of different deflection detection methods and the
role of feedback loops in AFM operation will conclude this chap-
ter.

3.2 Forces in AFM

Under ultra-high vacuum conditions, the force acting on an AFM
probe can in a first approximation be described using the semi-
empirical Lennard-Jones potential,47 a special case of the more
general Mie potential,48 given by

VLJ(z)= 4ε
[

( z0

z

)12
−

( z0

z

)6
]

(3.1)

with the potential depth ε and zero-crossing at z = z0.
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3 Introduction to AFM

Figure 3.3: Lennard-
Jones potential and cor-
responding force as func-
tion of tip-sample dis-
tance z. The dashed
lines give the repulsive
and attractive parts of
the potential.

It is intuitively clear that the forces described by this poten-
tial have to be dependent on the distance z between probe and
sample. It is hence sensible to differentiate between long-range

forces and short-range forces. When approaching the sample, the
tip will first sense the attractive long-ranged force contributions,
which are given by the z−6 part in the potential. Getting closer to
the sample surface, the contribution of the short-ranged repul-
sive interactions will increase proportional to z−12 until reaching
the equilibrium distance z0 from where on the repulsive interac-
tions dominate. The most important long- and short-range forces
relevant to AFM will be discussed in the following section.

While the Lennard-Jones potential describes the qualitative force
behavior very well, it is strictly speaking only applicable for
the interaction between two single uncharged atoms. Influences
from factors like tip geometry or environmental effects are ne-
glected in this model. Therefore, more complicated models have
to be applied for quantitative statements. This is of importance
if not only structural information, but absolute force values are
of interest.49,50 A prominent example for an empirical potential
is the Stillinger-Weber potential, which describes the interaction
of a Si-tip with a Si-surface.51

16



3.2 Forces in AFM

Ugap

ε ~r 8

Tip

(a)

(b)

CaCO3

Ugap
C2C1

UHVCaCO3

UHV

Figure 3.4: (a) Simple
scheme for description
of the electrostatic inter-
action between tip and
a calcite sample. (b)
Equivalent circuit dia-
gram. C1 and C2 com-
bined give the capaci-
tance in Eqn. 3.3.

Long-Range Forces

Main contributions to the long-range forces are usually van-der-

Waals and electrostatic interactions. These long-range forces do
not contribute to the atomic contrast as they are mainly result-
ing from interactions between macroscopic parts of the tip and
the sample. It is for that reason desirable to compensate them
as good as possible, for example by applying a bias voltage in the
case of electrostatic forces.

Electrostatic Forces

Electrostatic interactions arise from potential differences between
probe and sample and can be described by the Coulomb poten-
tial. In the simple case of two point charges that are placed at
distance z in ultra-high vacuum (UHV), calculation of the the
interaction force yields

FC(z)=
1

4πε0

q1 · q2

z2 (3.2)

with qi being the respective charge value. Under UHV condi-
tions, insulating substrates tend to accumulate charges as these
cannot be dissipated in the sample itself. This charge accumu-
lation usually takes place after cleaving a fresh sample and in
turn leads to additional coulombic interaction between tip and
sample.

This electrostatic interaction can also be expressed in terms of
the potential difference U between tip and sample:

FEl(z)=−
1
2

dC(z)
dz

U2 (3.3)

where C is the capacitance of the tip-sample system as depicted
in Fig. 3.4. In order to account for the effect of charge accu-
mulation, the electrostatic interaction can be compensated by
applying a counter voltage Ugap between tip and sample. If the
information about the needed counter voltage is recorded at ev-
ery imaging point, a map of the local contact potential difference

17



3 Introduction to AFM

is obtained. This is used in the technique of Kelvin probe force
microscopy (KPFM).52

Van-der-Waals Forces

Van-der-Waals (vdW) interactions are long-range forces that arise
from the interaction between permanent or induced dipoles. They
are usually separated into three different contributions.
Forces acting between two permanent dipoles are described by
the Keesom interaction.53

Debeye interactions describe how a permanent dipole induces
a temporary dipole in a neighboring polarizable molecule.54

The London dispersion force finally describes a quantum-
mechanical phenomenon where spatial fluctuations in electron
cloud induce temporary dipoles that are interacting with each
other.55

For the latter two interactions, the polarizablility of the neigh-
boring molecules plays a significant role in determining the in-
teraction strength. VdW-forces have interaction ranges of up to
100 nm56 and thus effect large parts of the tip. For macroscopic
objects, these forces are also highly dependent on the objects
shape and have to be calculated by integrating over the whole
body. As a simple AFM model, the vdW interaction between a
sphere of radius r and an infinite plane at distance z can be ex-
pressed as57

FvdW(z)=−
AH r

6z2 (3.4)

using the Hamaker-constant AH to describe the material prop-
erties. Unlike electrostatic forces, vdW-interactions cannot be
compensated during measurements and have to be considered
a constant offset to the measurement signal. They can only be
minimized by using cantilevers with sharp tips.

Short-Range Forces

The short-range chemical forces include contributions such as
chemical bonds or Pauli repulsion. Their range is typically in the

18



3.2 Forces in AFM

order of 100 - 200 pm,57 so that they will ideally only be sensed
by the tip apex atom. At the same time, these short-range inter-
actions make it possible to discriminate the contribution of sin-
gle sample atoms to the force acting on the tip. They are, there-
fore, responsible for the formation of the desired atomic contrast.
The two most important contributions will shortly be discussed
now.

Figure 3.5: Orbital
overlap for tip and
sample. Depending on
the occupation of the
orbitals, Pauli repulsion
or chemical bonding
occurs.

Pauli Repulsion

Known from atomic physics, the Pauli exclusion principle states
that two fermions, occupying the same physical space, cannot
share an identical set of quantum numbers. For AFM measure-
ments, this is relevant as soon as cantilever and sample are
close enough to each other for their respective orbitals to over-
lap. Electrons occupying the same orbital can only differ in one
quantum number, namely their spin state. An overlap of two
fully occupied orbitals will thus result in a repulsive interaction
as electrons are forced to move into higher energetic states. This
repulsion effect is therefore also called Pauli exclusion force.

Chemical Bonds

If, on the other hand, the overlapping orbitals of tip and sam-
ple are not fully occupied, covalent bonds can be formed. These
bonds are of course very short-lived as they are immediately bro-
ken again due to the scanning movement. Overall, this will re-
sult in a net attractive interaction, whose strength mainly de-
pends on the distance and occupation state of the involved or-
bitals.

The forces described before are the main contributions when us-
ing AFM under UHV-conditions. When working under ambi-
ent conditions additional forces, such as capillary and meniscus
forces, have to be considered as well.
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Contrast Formation in AFM

The interplay of all forces acting on a cantilever tip can result
in a rather complex contrast formation in the acquired AFM
data, making a detailed interpretation of these images not al-
ways straightforward. The contrast formation is further influ-
enced by factors that arise from the technical setup itself, as will
be described now.

AFM images, as well as images obtained with other scanning
probe methods, are always tip-sample convolutions. Surface fea-
tures might, therefore, be imaged distortedly as shown in Fig.
3.6. Depending on the opening angle of the tip, either the shape
of the surface feature or that of the tip is recorded in the topogra-
phy channel. The image contrast, therefore, greatly depends on
the microscopic geometry of the tip, especially its aspect ratio.

Figure 3.6: Principle of tip-sample convolution. The tip has an opening
angle of 2α while the surface features have an angle β with respect to the
surface normal. In I, the feature is imaged correctly, in II the tip shape is
imaged. The arrow gives the scan direction.

In reality, AFM tips are usually not symmetric as in the simple
model shown here, but exhibit asymmetries that influence the
contrast formation. Surface features might, therefore, be dis-
played with additional kinks or steps as shown in Fig. 3.7. A
related effect is the so-called multiple tip: If the tip apex con-
sists not only of a single atom, but of several atoms at similar
height, sample structures might misleadingly be duplicated in
the resulting image.

It is, however, important to note that the topography signal that
is recorded by an asymmetric tip does not depend on the scan
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Figure 3.7: Effect of an asymmetric tip on contrast formation. Additional
features such as kinks are displayed independent of the scan direction.

direction. Images acquired in, e.g., forward and backward mov-
ing scans will display the same topography as the tip itself is not
turned when changing the scan direction.

Figure 3.8: Effect of finite feedback loop response time on contrast for-
mation. The position of the shadow depends on the scan direction.

Feedback loops that are used to control the tip movement only
operate with a finite response time, leading to "shadow" struc-
tures in the resulting image (Fig. 3.8). The magnitude of this
shadow effect depends on the feedback loop settings as well as
the height of the imaged surface feature. In contrast to effects
induced by an asymmetric tip, the orientation of these shadows
depends on the scan direction.

The analysis of AFM data is further complicated by imaging ef-
fects like contrast inversion, that can be observed depending on
the chosen imaging parameters. As an example, this effect can
be reproducibly achieved when imaging C60 layers with AFM.58

Modeling different tip geometries and imaging conditions has
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also become an important branch of research among theorists,
who investigate the effects those parameters have on contrast
formation in AFM (see e.g. Pérez et al.59).

3.3 AFM Operating Modes

The probe used in AFM usually is a micro-machined cantilever
with an atomically sharp tip at its end. Interaction between this
tip and the sample leads to bending of the cantilever which is
measured and used to calculate the interaction strength.

Two basic operating modes exist for AFM, namely static and dy-
namic force microscopy, both of which will be described in the
following sections.

Static Force Microscopy

Figure 3.9: One-
dimensional model for
the coupling of can-
tilever and tip-sample
interaction.

The static force or contact mode AFM is one of the most com-
monly used and simplest modes. Here, the cantilever is brought
in direct contact with the sample and scanned over the surface,
similar to the movement of a needle in a record player. The forces
acting between the tip and the sample then cause the cantilever
to bend. This bending or deflection is usually very small com-
pared to the dimensions of the cantilever. It can, in that case, be
described using Hooke’s law

Fts =−k · q, (3.5)

where Fts is the force acting between tip and sample, k the can-
tilever’s stiffness and q its deflection in regard to the unpertur-
bated state. For a sample with homogeneous surface properties,
this scanning results in an image displaying the sample topogra-
phy. Measurements in the contact mode are usually taking place
in the repulsive force regime. It is obvious that in this imaging
mode soft cantilevers with a small k are preferred in order to be
sensitive to small forces.
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Figure 3.10: Real and
measured topography
signal for an inhomoge-
neous sample scanned
in contact mode AFM.

Though being simple in implementation, this AFM mode has
some severe drawbacks. The data gathered in this mode do not
necessarily display the real topography1 of the investigated sam-
ple. Areas of same height but different softness for example will
result in different deflection signals, which will then be mislead-
ingly displayed as different heights in the resulting image (Fig.
3.10).

Additionally, the direct contact between probe and sample can
easily damage the sample, for example when investigating soft
biological samples.

More importantly, however, the resolution of this imaging mode
is inherently limited by the size of the used tip. Images taken
in this mode at the best display lattice resolution, only repro-
ducing the periodicity of the underlying sample. Objects that
are smaller than the probe used for imaging cannot be resolved.
Hence, the sharpness of the tip is of critical importance. This
means that in order to achieve real atomic resolution, i.e. to
image single atoms or defects, the tip apex should ideally only
consist of a single atom. This configuration may be present for a
pristine tip, but is certainly lost once the tip comes into contact
with the sample. Hence, real atomic resolution of the sample
is usually not possible in the contact mode. The only exception
known to me is the work of Ohnesorge et al., who claim to have
achieved real atomic resolution of the calcite(10.4) surface us-
ing the contact mode under liquid conditions.60 However, only
kinked monatomic step edges were presented as proof of real
atomic resolution and the AFM was, in fact, operated in the at-

tractive instead of the repulsive regime.

For contact mode AFM, two basic scanning modes have to be
distinguished between. In the constant-height (CH) mode, the
cantilever is held at a fixed distance to the sample and its de-
flection is measured. Using Hooke’s law as described above, this
results in a force map of the investigated sample. While this
scanning mode is simple to realize and allows for high scanning

1The question of what can be considered real topography is in fact valid for all
AFM operating modes.
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Figure 3.11: (a) Atomically sharp tip. Single defects can be imaged. (b)
Blunt tip. Single defects cannot be resolved. Additionally, terraces are
imaged broader than they are.

speeds, the tip might either loose contact to the sample or can
be destroyed by heavy collisions. Alternatively, the AFM can be
operated in the constant-force (CF) mode, where the cantilever
height is constantly adjusted to measure the same deflection.
This requires the use of a feedback loop to regulate the distance
of cantilever and sample. Its feedback signal is then used to gen-
erate a topography map of the sample. Due to the finite response
time of the feedback loop, this mode leads to slower image acqui-
sition compared to the CH-mode and the loop settings have to
be individually adjusted for each sample. In return, samples of
unknown height distribution can be imaged without risking the
destruction of the tip or the sample.

The scanning mode always has to be chosen depending on the
sample conditions. Whereas first scans on an unknown sam-
ple are often conducted in the CF mode, environmental vari-
ables such as high thermal drift might require higher scanning
speeds, thus favoring the CH mode. Even more importantly, the
CH mode allows for straight-forward interpretation the acquired
data as the use of feedback loops always alters the original in-
formation.61

Dynamic Force Microscopy

In dynamic force microscopy, the cantilever is oscillated at or
close to its eigenfrequency by an external actuator and brought
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into close proximity of the sample. Interaction between the sam-
ple and the tip then leads to a change in the cantilever’s oscil-
lation properties. Fig. 3.12 illustrates how a change in the can-
tilever oscillation amplitude affects the measured frequency and
vice versa.

Two important operating modes have to be distinguished be-
tween - amplitude modulation (AM-AFM) and frequency modu-
lation (FM-AFM). The measurements presented in this thesis
were performed using FM-AFM, operated in the non-contact re-
gime (FM NC-AFM). In the NC-AFM mode, the tip ideally never
comes into direct physical contact2 with the surface. In contrast
to static force microscopy, it is thus possible to maintain an atom-
ically sharp tip, allowing for real atomic resolution in this oper-
ating mode.

Figure 3.12: Typical cantilever resonance curves. A change in the can-
tilever resonance frequency results in an amplitude difference.

As already mentioned above, the cantilever stiffness k is of ut-
most importance concerning the sensitivity of the force measure-

2It should be noted, that no official definition for contact in dynamic force mi-
croscopy exists. Coming closest to this would be the static deflection of the
cantilever upon approaching the sample.
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ment. In contact mode AFM, k has to be very small to be sensi-
tive to small forces. In the dynamic mode, however, other condi-
tions apply. When approaching the tip towards the sample, the
attractive forces might overcome the cantilever’s restoring force
as given by Hooke’s law and result in a sudden contact of tip
and sample. This undesired effect is called snap into contact and
usually renders the tip useless for real atomic resolution. This
can be avoided by choosing cantilevers with a higher stiffness
that, for a given tip-sample force Fts, fulfill the condition

k >
∂Fts

∂z
= kts (3.6)

In case of a cantilever oscillating with an amplitude A, this con-
dition can be rewritten as62

k · A > Fts (3.7)

If this condition is fulfilled, the cantilever motion can be de-
scribed as a weakly disturbed harmonic oscillator. Snap into
contact is a major disturbance for dynamic mode AFM measure-
ments conducted under ambient conditions, as every sample is
inevitably coated with a thin water layer. As the tip comes into
proximity of the sample, a meniscus is formed that draws the tip
onto the sample surface. One possibility to avoid this is immers-
ing tip and sample into a liquid during the measurement.63

Amplitude Modulation

In amplitude modulation AFM (AM-AFM) as described by Mar-
tin et al.64 the cantilever excitation frequency is kept constant
and the change in amplitude and phase relative to the excitation
signal is measured. AM-AFM can be operated in the non-contact
as well as the repulsive regime. The latter is also called inter-
mittent contact (IC) or Tapping® mode.65 In that mode the tip
touches the sample surface at the lower turning point of its oscil-
lation cycle. In contrast to the static contact mode, the intermit-
tent contact between tip and sample reduces the energy that is
dissipated into the sample, minimizing the danger of destroying
or re-arranging softer sample species. However, it is obviously
not possible to maintain an atomically sharp tip in this imaging
mode and the achievable resolution is, therefore, limited.
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The system’s response time in AM-AFM, after which the can-
tilever vibrational amplitude will settle into a new steady-state,
is given by66

τAM ∝
2Q

f0
(3.8)

where Q is the quality factor of the excited oscillation and f0 the
cantilever eigenfrequency. For scanning under liquid or ambient
conditions, quality factors are typically in the order of 10-100.
Together with typical cantilever eigenfrequencies in the range
of 104

−105 Hz, this results in reasonable response times. Un-
der UHV conditions, however, quality factors go up several or-
ders of magnitude as energy is dissipated only very slowly dur-
ing the oscillation. Response times will, hence, increase heav-
ily, thus restricting the measurement bandwidth and making
the AM-AFM technique unfeasible for UHV applications. To
give an example, for typical cantilever properties used in UHV
( f0 = 300kHz,Q = 30000), this would result in a maximum avail-
able bandwidth of only 0.2Hz. Artificially reducing the quality
factor for UHV applications is not desirable either, as the mini-
mum detectable force is proportional to 1/

√

Q.64

Frequency Modulation

As a solution for this problem, Albrecht et al. introduced the
frequency modulation mode (FM-AFM),66 where the cantilever
is driven at its current resonance frequency f . In contrast to
AM-AFM, the oscillation amplitude is kept constant here, using
an amplitude feedback loop. Forces acting on the cantilever tip
cause a deviation of the current resonance frequency from the
cantilever eigenfrequency f0. This frequency shift ∆ f is defined
as ∆ f = f − f0 and can be expressed as follows:62,67

∆ f (z)=
f0

πkA2

∫A

−A
Fts(z+ A− q)

q
√

A2 − q2
dq (3.9)

Again, Fts is the force acting between tip and sample, A the os-
cillation amplitude and k the cantilever stiffness. This frequency
deviation, sometimes also called detuning is the primary imag-
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ing signal in FM-AFM. The response time in FM-AFM66

τFM ∝
1
f0

(3.10)

is independent of the quality factor, making this technique suit-
able for measurements using high-Q cantilevers under UHV con-
ditions. It can easily be seen from this equation that cantilevers
with higher eigenfrequencies should allow for higher scanning
speeds. The capability of FM-AFM to achieve real atomic re-
solution under UHV conditions has first been demonstrated by
Giessibl et al. in 1995 by resolving the Si(111)-(7x7) surface.68

FM-AFM measurements involve several important parameters,
such as cantilever eigenfrequency and stiffness, the scanning
speed and the oscillation amplitude. Finding a parameter set for
optimal high-resolution imaging is, therefore, not trivial. Fur-
thermore, the measurement process is of course influenced by
the tip-sample potential. Among the most debated parameters,
however, is the oscillation amplitude A. Calculating the noise
for different conservative potentials shows, that vertical noise is
minimal for small amplitudes (A < 1 nm).66,69 However, taking
into account non-conservative potentials to account for dissipa-
tive processes, which are certainly present in FM-AFM, directly
connects the choice of oscillation amplitude with the cantilever
stiffness k. Considering this relation, optimal amplitudes in the
order of 10 nm were determined for soft cantilevers with a stiff-
ness around 10 - 20 N/m.69 The cantilevers used in this thesis
have stiffnesses in the same order of magnitude (k ≈ 30 N/m),
therefore, oscillation amplitudes around 10 nm were chosen for
performing the measurements.

The dependance of the the acquired images on the shape of the
tip as described before makes a straightforward quantitative com-
parison of FM-AFM data from different experimental sessions
challenging. However, for cantilever oscillation amplitudes that
are large compared to the tip-sample distance d at the lower
turning point, the normalized frequency shift

γ(z, A)=
kA3/2

f0
∆ f (z) (3.11)
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as introduced by Giessibl62,70 allows to compare data such as
∆ f (z) spectroscopy curves taken at different amplitudes and with
different cantilevers, as all cantilever parameters are eliminated.

Similar to the contact mode, dynamic force microscopy can be
performed using two different scanning modes, namely perform-
ing measurements at constant height or constant interaction.
For AM-AFM, constant interaction means keeping a constant
amplitude, whereas in FM-AFM, the frequency shift ∆ f is kept
constant. A visualization of the CH mode for AM-AFM and FM-
AFM is given in Fig. 3.13.

AM

Sample

FM

Figure 3.13: Visualization of amplitude modulation (AM) and frequency
modulation (FM) mode when scanning over a surface feature. Note that
both cases are drawn for the case of a repulsive interaction. Attractive
interactions would cause an amplitude magnification in the AM mode and
a decrease in frequency in the FM mode.
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Figure 3.14: Four-
quadrant photodiode as
used in typical beam-
deflection AFMs. The
quadrants are named as
in the VT AFM XA setup
used in this thesis.

3.4 Deflection Detection Methods

Independent of the chosen operating mode, the key to high-reso-
lution AFM measurements is the precise and low-noise detec-
tion of the cantilever deflection. In the original setup by Bin-
nig and Roher, an STM has been used to measure the deflection
of a gold-coated cantilever.43 Whereas the exponential distance-
dependance of the tunneling current has yielded very good ver-
tical resolution, this setup has been very complex in operation
and has soon been replaced by more efficient methods. Meth-
ods nowadays range from interferometers71 over capacitive sen-
sors72 to piezoresistive cantilevers.73 Among the most commonly
used techniques today are laser beam deflection and the use of
self-sensing devices which will be described in the following.

Laser Beam Deflection

In the most simple case, the backside of a cantilever is irradi-
ated by a laser beam that is in turn reflected onto a position
sensitive device (PSD). A deflection of the cantilever then leads
to a movement of the laser spot on the PSD with the same fre-
quency. This movement is converted to a voltage signal and pro-
cessed by the signal electronics. In most beam-deflection AFMs,
a four-quadrant photodiode as shown in Fig. 3.14 is used. The
difference between signal intensity in the upper and the lower
half yields the deflection that is caused by the cantilever motion
along the surface normal, often called the FN-signal. In NC-
AFM, this usually is a sinusoidal signal. Lateral forces leading
to torsion movements of the cantilever can be detected accord-
ingly by subtracting the signals of the left and right half of the
PSD (FL-signal).

It is important to note how the measured FN-signal is related to
the physical oscillation of the cantilever. Analysis of the sinu-
soidal signal coming from the PSD yields an oscillation ampli-
tude that is not measured in nanometers but in Volts. Using an
amplitude calibration process as described e.g. by Simon et al.,74
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Figure 3.15: Principle of beam deflection technique. Oscillation of the
cantilever leads to a movement of the laser spot on the PSD.

the electronic amplitude can be related to the physical amplitude
of the cantilever via a sensitivity factor SCL in the units [nm/V].
This sensitivity already contains the amplification factors of the
electronics involved in the readout process. It has, thus, to be
re-determined when parts of the electronics, e.g. the preampli-
fier, are changed. Additionally, its absolute value depends on
the cantilever properties such as stiffness and position relative
to the PSD. Due to the gluing process, every cantilever support
chip has a slightly different position on its supporting holder, so
that the alignment of the laser beam on the cantilever back has
to be readjusted every time the cantilever is changed. This also
affects the calculation of the cantilever sensitivity which has to
be repeated for every new cantilever. While this sensitivity fac-
tor is around the same value for cantilevers of similar dimen-
sions, knowledge of the exact value and the resulting physical
oscillation amplitude is of importance when calculating absolute
interaction force values.

Beam deflection is a versatile technique that can be implemented
under UHV- as well as ambient and liquid conditions. It has,
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Figure 3.16: Sketch
of the beam deflection
setup for the VT AFM
XA used in this thesis.
The sensitivities Si are
needed to determine
the physical oscilla-
tion amplitude of the
cantilever.

therefore, become one of the most commonly used deflection de-
tection methods in commercial AFMs today. Atomic resolution
on various substrates can be achieved on a daily basis using this
technique. If not stated otherwise, the images displayed in this
thesis were obtained using the beam deflection technique.

Self-Sensing Devices

L t

Figure 3.17: Schematic
drawing of a tuning fork
of length L and width
t for use as force sen-
sor. It is equipped with
a tip at the end of one
prong. Electrodes for
signal read-out are indi-
cated by the shaded ar-
eas.

By replacing the cantilever with a piezoelectric probe, it is pos-
sible to measure the deflection by the charges that are induced
in the device upon mechanical stress, utilizing the piezo electri-
cal effect. That way, no laser beam setup is needed here and
the procedure of optical alignment becomes obsolete. A promi-
nent example for a piezo-electric probe is the quartz tuning fork
sensor. First SPM measurements with quartz tuning forks were
performed by Günther et al. in 1989,75 who were using them as
force sensors in a scanning near-field acoustic microscope. Fig.
3.17 shows a schematic drawing of such a tuning fork. A special
form of tuning forks for use in NC-AFM applications was intro-
duced by Giessibl in 2000 under the name of qPlus sensor.76

Fig. 3.18 shows a typical qPlus sensor as manufactured by Omi-
cron Nanotechnology. The centerpiece is a piezoelectrical quartz
tuning fork as can also be found in common wrist watches. Both
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Figure 3.18: (a,b) SEM images of a tuning fork sensor. The apex of the
tungsten tip is bent due to a contact of tip and sample during scanning
(SEM images courtesy of . (c) Tuning fork sensor mounted
on tip holder for use in an Omicron VT AFM.

prongs are equipped with horizontal and vertical gold electrodes
which are used for the read-out mechanism. By gluing one of the
prongs to a supporting chip, the tuning fork is turned into a can-
tilever and the system’s eigenfrequency is reduced from initially
f0 = 215 Hz to typical values of f0 ≈ 20−30 kHz. The quartz can-
tilever can then be equipped with different probes, ranging from
fine tungsten wires to single-crystal tips, depending on the de-
sired application. Using conducting tip materials also enables
simultaneous STM and qPlus-AFM measurements on conduct-
ing surfaces. The sensitivity needed for the calculation of the
physical oscillation amplitude only depends on material param-
eters and can, thus, be considered constant for a given tuning
fork type.

Tuning fork cantilevers have two important key features. The
first one is their high temperature stability that is achieved by
etching the tuning forks from specially oriented quartz crystals.
Compared to silicon, this so called quartz-crystal X + 5° cut dis-
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plays a very low temperature variation, resulting in a high fre-
quency stability. This temperature variation is especially low
for temperatures around 5 K and 300 K respectively, tempera-
ture regimes that are both common for scanning probe measure-
ments.77 The second is their high stiffness of typically kqPlus =

1800 N/m which allows to fulfill the condition k · A > Fts even for
oscillation amplitudes below 1 nm. This small amplitude opera-
tion should make the qPlus sensor more sensitive to the short-
range chemical forces which are of primary interest for the con-
trast formation in AFM. At the same time, the high stiffness
accounts for amplitude instabilities that would otherwise limit
small amplitude measurements.77

Although having the advantage of the simpler in-situ setup as
compared to beam deflection, working with amplitudes that small
poses different challenges. Most importantly, the small cantilever
deflections will result in very small signals that are generated in
this setup. For a tuning fork prong of length L and thickness t,
the charge q that is collected upon a deflection z of the cantilever
is given by76

q(z)= 12 ·d21kLe(Le/2−L)/t2
· z (3.12)

with Le being the length of the gold electrodes, d21 the corre-
sponding part of the piezoelectrical tensor and k the prong’s stiff-
ness. For typical quartz tuning forks, this results in a sensitivity
of q/z < 10µC m−1.76 This makes high demands on the detection
amplifiers and requires the use of sophisticated low-noise elec-
tronics.

Atomic resolution using the qPlus setup has been achieved on
several insulating substrates under UHV conditions,76,78,79 some
even claiming sub-atomic resolution.80 Under ambient and liq-
uid conditions, however, monatomic steps could be resolved but
no lateral atomic resolution has been achieved so far.81

3.5 Feedback Loops in NC-AFM

For FM-AFM operation as performed for the measurements pre-
sented in this thesis, the oscillation signal FN is processed by
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three interconnected feedback loops (FB) as depicted in Fig. 3.19.
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Figure 3.19: Schematic
setup of VT AFM XA.
Left side: Amplitude
feedback loop (A-FB),
phase-locked loop (PLL)
and z-distance feedback
loop (z-FB). Right side:
Scanhead including
cantilever, sample and
beam-deflection setup.

The amplitude feedback loop determines the current oscil-
lation amplitude from the FN-signal and adjusts it to a given
setpoint Aset by applying a voltage to the cantilever excitation
piezo. The energy needed to sustain the oscillation at a constant
amplitude is proportional to the energy that is dissipated dur-
ing the scanning process. Thus, dissipation energy and current
amplitude can be mapped during the scanning process.

The phase-locked loop determines the frequency f of the FN-
signal and compares it to the cantilever’s eigenfrequency f0. The
resulting detuning signal ∆ f = f − f0 is the main imaging sig-
nal.

The z-distance feedback loop adjusts the distance between
tip and sample by applying a voltage to the z-piezo until the
detuning signal from the PLL matches the setpoint ∆ fset. This
voltage signal can then be converted into a topography signal.

The interplay of these three feedback loops makes the technique
of NC-AFM quite elaborate when compared to other SPM meth-
ods. In STM for example, only a z-distance feedback loop is
needed for operation. Yet, the achievable high resolution com-
bined with the possibility to image insulating substrates more
than justifies these efforts.
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A T the beginning of this thesis, a new UHV system equipped
with a commercial VT AFM XA scanhead from Omicron

Nanotechnology (Taunusstein, Germany) was set up. The basic
set-up is similar to the already existing VT AFM 25 system in
our group. I will, therefore, only summarize the basic aspects
of the new system, and describe some of the more important
changes in greater detail.
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4.1 UHV System
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Figure 4.1: UHV system. A: AFM chamber, B: Preparation chamber, C:
Wobble stick manipulator, D: Quadrupole mass spectrometer, E: Molecule
sublimator, F: Sample manipulator, G: Sputter gun, H: Quartz crystal
microbalance, I: Laser source

The UHV system consists of two stainless steel chambers with a
base pressure of p < 1·10−10 mbar. One chamber is used for sam-
ple and tip preparation, whereas the other one houses the scan-
head. Both chambers are equipped with individual ion getter
and titan sublimation pumps to achieve the low pressure nec-
essary. The chambers can be separated by an additional valve
in order to avoid contamination of the scanhead during sample
preparation. Pressure is constantly monitored using ion gauge
heads in both chambers. Additionally, a quadrupole mass spec-
trometer (eVision+, MKS Instruments) in the preparation cham-
ber can be used to analyze gas residues from contaminants in
the system or to check the UHV system for possible leaks.

The entire setup is mounted on pneumatic damping legs (S-2000
series, Newport) that isolate the system from external vibra-
tional noise sources such as building vibrations.

Samples and tips are locked in to the preparation chamber by
using a separately pumped load-lock that enables quick sample

38



4.2 Scanhead

exchanges without having to vent the entire system. Addition-
ally, up to twelve samples and tips can be stored under UHV
conditions in a carousel in the scanhead chamber. Transfer of
tips and samples between the chambers is realized with a wob-
blestick manipulator.

Samples can be prepared by annealing or cooling using an in-
tegrated sample manipulator (VG Scienta, Uppsala, Sweden)
equipped with a separate heating and cooling stage. Two heating
options are realized in the heating stage: Resistive heating (RH),
where a pyrolytic boron nitride (PBN) heater is brought into con-
tact with the sample plate and direct heating (DH), where a cur-
rent is applied to the sample itself. With the PBN heater, tem-
peratures of up to 1200 K can be achieved, while DH reaches
temperatures of up to 1500 K. The latter method is used for the
preparation of samples like Si(111), where the (7×7) reconstruc-
tion is induced by repeatedly applying high current pulses to the
sample (’flashing’). This method of course requires conducting
samples. Insulating samples such as the calcite crystals used in
this work are, therefore, degassed and annealed using the RH-
option. For preparing samples at low temperatures, the manip-
ulator can be cooled using liquid nitrogen, bringing the cooling
stage to temperatures around 110 K.

4.2 Scanhead

The VT AFM XA scanhead is equipped for beam-deflection AFM,
STM and qPlus AFM/STM operation. To avoid unwanted vibra-
tions, the scanhead is suspended on four spiral springs and held
in place by an eddy-current damping stage as shown in Fig. 4.2
(a).

The sample is mounted overhead in the sample stage while the
sensor is approached using a piezoceramic tube (Fig. 4.2 (b)).
Excitation of the tip is realized using a separate excitation piezo
element on top of the tube. The laserlight necessary for beam-
deflection detection is coupled into the system using an optical
fiber and led through the hollow core of the piezo tube. It is
deflected from the backside of the cantilever onto a small mirror,
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4 Setup of the UHV AFM System

also set on top of the piezo tube, and focused onto the PSD by
a second mirror (not shown). Both mirrors can be readjusted
individually. The deflection signal from the PSD is amplified
by a preamplifier setup and fed into the Omicron MATRIX scan
controller for further processing and data acquisition.

Figure 4.2: (a) VT AFM XA scanhead suspended on springs for vibration
isolation. (b) Zoom on the sample stage.

Different preamplifier setups are used for beam-deflection and
qPlus operation. As the charges induced in the tuning fork setup
are very small the first amplifier stage has to be close to the sen-
sor in order to avoid parasitic capacitances caused by the wiring,
thus minimizing unwanted electric noise. In this setup, the I/V-
converter is attached to the scanner piezo tube as shown in Fig.
4.2 (b).With charges induced in the sensor being in the order of
10−6 C, the amplifier has to be very sensitive, which at the same
time makes it prone to damages by stray charges. This also lim-
its the bias voltage that can be applied to compensate electro-
static forces. Whereas for a scanhead without qPlus preampli-
fier, bias voltages of up to 100 V can be applied without damag-
ing the instrument, the limit is 25 V with the qPlus setup.

Using an external liquid He flow cryostat and a PBN heater
integrated in the scanhead’s sample stage, variable tempera-
ture measurements in the range from 50 K to 500 K are possi-
ble. Thermal contact to the sample stage is realized by a braid
of thin Cu-wires while the temperature is monitored using an
Si diode at the cryostat and a Pt100 sensor at the stage. The
flow cryostat can also be operated using liquid nitrogen instead
of helium, increasing the lower temperature limit to 110 K. In
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4.3 Sensor and Sample Preparation

contrast to low-temperature scanners, only the sample temper-
ature is changed while the scanner itself remains at room tem-
perature. This enables the investigation of samples at variable
temperatures (VT) which is of importance for the determination
of sample properties such as diffusion energy barriers or activa-
tion energies. In regular operation, the heating element is used
to keep the sample stage at a defined temperature slightly above
room temperature. That way the effects of thermal drift as are
induced by daytime temperature variations are minimized.

4.3 Sensor and Sample Preparation

In order to insure that no contamination of the investigated sam-
ples occurs, a thorough preparation of the involved materials is
of utmost importance. Especially components that were stored
ex-situ under ambient conditions are usually coated with an ox-
ide layer and have to be cleaned before using them.

AFM Tip Preparation

Beam-deflection cantilevers (Type PPP-NCH, Nanosensors, Neu-
châtel, Switzerland) are sputtered with Ar ions at 2 keV for 5 min
prior to use to remove the oxide layer. For that purpose the
preparation chamber is flushed with Ar gas which is, in turn,
ionized by an ISE5 sputter gun (Omicron Nanotechnology). The
sputtering removes the oxide layer and can also improve the can-
tilever’s oscillation properties.82 Using lower energies, the same
procedure can in theory also be applied to prepare qPlus sensors.

However, experiments performed in our group showed that STM
as well as AFM measurements using qPlus sensors at room tem-
perature suffer from severe instabilities during the scanning pro-
cess, regardless of whether they were ion bombarded or not. Ad-
ditional SEM investigations of several qPlus sensors, carried out
by R. Branscheid, showed that the tip appears to be coated with
a thick layer of unknown adsorbates (Fig. 4.3). These adsorbates
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4 Setup of the UHV AFM System

Figure 4.3: SEM im-
ages of two qPlus tung-
sten tips. In both im-
ages, the adsorbate layer
is clearly visible. (a) Tip
already used for scan-
ning. The bending re-
sults from contact of tip
and sample. (b) Top view
of pristine W-tip. Im-
ages courtesy of

.

are most likely dropped from the tip during the scanning pro-
cess, thus leading to the observed instabilities. An energy dis-
persive X-ray spectroscopy (EDX) analysis of these adsorbates
identified, amongst others, residues of silver and sodium, most
probably resulting from the conductive epoxy glue and the etch-
ing solution. The SEM and EDX results clearly demonstrate,
that the fabrication process of the qPlus sensors has to be re-
fined.

The majority of high-resolution qPlus experiments known to me
are conducted at low temperatures where the mentioned insta-
bilities can largely be neglected.79,83–85 However, the aim of this
thesis involves the stable imaging of molecular self-assembly
processes at room temperature. I, therefore, decided to perform
my measurements using the beam deflection technique as de-
scribed before.

Preparation of Calcite Crystals

All experiments described in this work were conducted on insu-
lating calcite crystals.1 The crystals are purchased from Korth
Kristalle GmbH (Altenholz, Germany). They are cut into rect-
angular bars with a cross section of 2×4 mm2 displaying the cal-
cite (10.4) surface and mounted into a specially designed clamp
holder which was optimized for cleaving crystals (Fig. 4.4 (a)).86

1The crystal’s properties as well as the relevant (10.4) surface are described in
detail in Chap. 5.
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4.3 Sensor and Sample Preparation

After locking in into the UHV preparation chamber, the crystals
are degassed for at least one hour at typically 525 K to remove
contaminants. They are then cleaved in-situ by running a scalpel
parallel to the (10.4) plane. Depending on the crystal’s length,
this cleaving process can be repeated several times, yielding a
fresh surface every time.
Ionic crystal are known to accumulate charges when cleaved un-
der UHV conditions.87,88 These long-range electrostatic forces
can cause a major hindrance for the acquisition of NC-AFM data.
For that reason, the crystals are subsequentially annealed at
475 K for one hour to remove these charges. The so-prepared
sample is then transferred into the AFM chamber and first scans
are performed to confirm the purity of the sample surface.

After use, the sample holders are locked out of the UHV sys-
tem and thoroughly cleaned in a supersonic bath before re-using
them. Otherwise molecular material that still adheres to the
sample holder might contaminate the new sample.

Molecule Deposition

Molecules are deposited onto the sample surface by using a home-
built Knudsen-cell as shown in Fig. 4.4 (b). Tantalum wire act-
ing as a heating coil is wound around a small glass crucible of
typically 4 mm diameter and a type K thermocouple (chromel/-
alumel) for temperature measurements is molten into one end
of the crucible. The crucible is then filled with the desired mo-
lecules, most of which are available as a fine powder. As the
sublimator cell is mounted overhead in the UHV chamber, glass
wool is used to prevent the molecular material from falling out
of the crucible.

The completed cell is then mounted on a UHV feedthrough and
attached to a test chamber equipped with a quartz crystal mi-
crobalance (Inficon, Bad Ragaz, Switzerland) to determine the
deposition rate. That way, substances of unknown purity can be
tested without risking contamination of the AFM system.

The molecular sublimation rate r at a given temperature T fol-
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4 Setup of the UHV AFM System

Figure 4.4: (a) Sample holder with calcite crystal. Cleaving is performed
by running the scalpel along the clamp edge. (b) Typical sublimation cell
mounted on a UHV feedthrough.

lows an Arrhenius law

r = r0 exp
(

∆Hsub

kBT

)

(4.1)

where kB is the Boltzmann constant and ∆Hsub is the sublima-
tion enthalpy of the molecule in question. Using this relation,
the molecular sublimation enthalpy can easily be obtained.

This sublimator setup allows for a precise control over the molec-
ular deposition parameters and different coverages can repro-
ducibly be achieved.

For molecules whose vapor pressure does not allow sublimation
under UHV conditions, the UHV chamber can be equipped with
a pulse valve system (Parker-Hannifin, Cleveland, Ohio) that al-
lows molecular deposition from liquid solutions. To avoid con-
tamination of the UHV system with the solvent the pulse valve
is attached to the separately pumped load lock. After deposi-
tion, the sample has to be annealed to remove the remaining
solvent. Whereas first tests demonstrated the successful depo-
sition of salicylic acid from solution, the quantitative control of
molecular coverage on the sample remains challenging.89
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4.4 Data Processing and Analysis

4.4 Data Processing and Analysis

The acquired images were processed using the open-source soft-
ware Gwyddion, which was developed for SPM data visualiza-
tion.90 For data representation, a color scale as shown in Fig.
4.5 is used. The images are displayed such that bright colors
correspond to high attractive interaction while dark colors cor-
respond to less attractive or even repulsive interaction. For fre-
quency shift images (∆ f ) this is achieved by inverting the color
scale. Apart from that, all frequency shift images presented are
raw data if not stated otherwise. For the topography data (z) a
plane subtraction is applied to account for misalignment of sam-
ple and scanner plane.

Figure 4.5:

Color-scale
used for data
representation.

Error Analysis

All SPM measurements are subject to thermal drift which is
about the most important error source. Due to different thermal
expansion coefficients, scanner and sample will react differently
to temperature changes. Even though these effects may be neg-
ligible on a macroscopic scale, small temperature changes can
amount to a significant effect on the nanometer scale, leading to
distorted images and errors in lateral distance measurements.
In addition to this, vertical drift can cause the tip to collide with
the sample, damaging both tip and sample. Several techniques
can be applied to account for this effect.

During the measurement itself, the temperature of AFM sample
stage can be actively controlled to minimize temperature gradi-
ents (Fig. 4.6). Additionally, an active drift compensation can be
applied, for example by using the so-called atom-tracking tech-
nique.91,92 In that case, the tip is circulated around a single sur-
face atom and the drift in x-,y- and z-direction is extrapolated
over time. The drift vectors obtained in that way can then be
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t / h

T
/ 

K

Si diode
Stage

counterheatingno heating

Figure 4.6: Sample
stage temperature with
and without counter-
heating. Fluctuations
in sample stage tem-
perature after the
start of counterheating
originate from sample
handling during the day.

used to readjust tip position and height while scanning and thus
largely compensate the effects of thermal drift. One of the most
important features of this technique is the possibility to cope
with thermal drift effects even at high temperature gradients.
Ref.93 describes in detail the implementation of such an atom-
tracking system for the UHV AFMs used in our group.

During post processing, images can be corrected for thermal drift
by selecting a distinct feature such as an atomic defect and track-
ing its position over a series of consecutive images. Applying the
algorithm described in Ref.94, the images can then be manually
distorted to account for the drift. However, it should be noted
that this post-processing method is only applicable for linear

drift effects. Alternatively, known structures such as the sub-
strate’s periodicity can be used as an inherent reference length
scale.

While thermal drift affects lateral as well as vertical distance
measurements, an additional effect has to be taken into account
when interpreting height measurements. The measured heights
in NC-AFM represent a plane of equal interaction and might,
for that reason, also be influenced by electrostatic forces.95,96

This effect is especially pronounced when comparing heights of
different materials. One possibility to account for the effect of
electrostatic forces on height measurements would be to use a
KPFM-controlled feedback loop.97 However, while electrostatic
interactions can be compensated that way, chemical and van der
Waals interactions will still contribute to the measurement sig-
nal. The interpretation of height measurements in NC-AFM,
therefore, always has to be treated with great caution.
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5 The Bulk Insulator

Calcite

C ALCITE (CaCO3) belongs to the class of carbonate materi-
als and is the most stable polymorph of calcium carbonate.

Two other modifications are found in nature, namely aragonite
and vaterite (µ-CaCO3). Both are thermodynamically unstable
under standard conditions and, over time, transform into cal-
cite. In addition to these natural modifications, several artificial
modifications, named calcite I - V, have been synthesized under
high-pressure and/or high-temperature conditions.98

The application of calcium carbonates are manifold. Calcite plays
an important role in biomineralization where the motivation is
to understand and control its formation process and to fine-tune
the resulting materials’ properties by interaction with organic
molecules.99 Calcium carbonate is also used in many industrial
products such as paints, paper chemicals, cosmetics and phar-
maceuticals.100 Due to its strong birefringence it is a preferable
material for use in optics, e.g. as polarizing prisms.101,102 Re-
search involving calcium carbonates is even of great interest for
the oil-producing industry as more than 40 % of the world’s oil re-
serves are located in calcareous rocks.103 Furthermore, adsorp-
tion of organic molecules onto calcite has been discussed as a
possible origin for the homochirality of life.104,105

For the research conducted in this thesis, the interaction of cal-
cite with organic molecules and its properties as a solid state
ionic crystal are of interest. Being a bulk insulator with a band
gap of Egap = 6.0 eV ,106 calcite makes an ideal candidate for the
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5 The Bulk Insulator Calcite

decoupling of substrate and circuits in future molecular electron-
ics applications.

In this thesis, I will use the hexagonal representation of the cal-
cite bulk unit cell. Using the abbreviated four-symbol Miller
Bravais indices [hk.l], the most stable cleavage plane is then
denoted as the (10.4) surface. The dot herein represents the in-
dex i =−h− k. A detailed description of the calcite bulk proper-
ties can be found in the dissertation of P. Rahe.107 Here, I will
only discuss the most important properties of the (10.4) cleavage
plane relevant to this work.

Figure 5.1: Sketch of the calcite (10.4) surface together with projections
along the [01.0] and [42.1] direction. The reconstructed (2×1) surface unit
cell and the zigzag of the topmost oxygen atoms are indicated in addition
to the unreconstructed unit cell.

The calcite(10.4) surface has been proven to exhibit a significant
templating effect on the adsorption of a considerable amount
of organic molecules.108 Additionally, its surface energy of γS =

590mJ m−2 is among the highest for the prototypical insulating
substrates such as KBr, NaCl or CaF2, making this surface an
ideal candidate for the study of molecular self-assembly.25

The surface unit cell of the studied (10.4) calcite cleavage plane
is rectangular with dimensions of a× b = 8.1Å×5.0Å as shown
in Fig. 5.1. It contains two carbonate groups, which are ro-
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tated with respect to the surface normal and with respect to
each other. This leads to a characteristic zigzag structure of the
topmost oxygen atoms along the [42.1] direction. Observation
of this zigzag in AFM images, therefore, hints at the carbonate
groups being responsible for the contrast formation on this cleav-
age plane. Additionally, two important surface reconstructions
exist, which are shown in Fig. 5.2.

Figure 5.2: AFM topography image of a pristine calcite(10.4) surface. The
unreconstructed surface unit cell is given by the white rectangle. Espe-
cially in the lower part of the image, the (2×1) reconstruction is clearly vis-
ible as spots of alternating brightness along [01.0] (dashed ellipse). Along
[42.1], the row-pairing reconstruction is very pronounced - clear corru-
gation is only seen on every second row. The carbonate group zigzag is
slightly visible as well.

Atomic force microscopy and low-energy electron diffraction (LEED)
studies have revealed clear signs of a (2×1) reconstruction of the
(10.4) surface.109,110 The visibility of this surface reconstruction
is highly dependent on the distance between tip and sample and
its existence has, therefore, long been disputed.
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[42. ]1

x

y

Figure 5.3: Birefrin-
gence will cause a
displacement of the
cross along the [42.1]
direction. x and y match
the (x,y) coordinates in
the AFM image.

The so-called row-pairing reconstruction,111 where every second
row along the [42.1] direction is imaged brighter than the one be-
fore has only been observed in AFM studies so far. It is therefore
not unambiguously clear whether it is a real surface feature or
an imaging artifact inherent to the AFM technique. A solid proof
of its existence, however, would resolve the still open question of
whether the calcite(10.4) surface is chiral or not.107,112

It is important to note that, in contrast to surfaces such as NaCl(100),
the calcite(10.4) surface is not highly symmetric due to these
surface reconstructions. Altogether, this leads to a variety of
contrasts that can be observed on the calcite(10.4) surface using
NC-AFM in UHV.113

For the correct interpretation of measurement data, it is some-
times important to determine the absolute orientation of the
sample, e.g. when investigating surface relaxation processes.114

From NC-AFM measurements alone, however, the orientation of
the carbonate groups cannot be obtained. Measuring the atomic
distances will, therefore, only yield a relative orientation, but
the opposing surface directions [42.1] and [42.1] cannot be dis-
tinguished. However, the crystal’s birefringence can be used to
determine the absolute orientation of a calcite sample surface as
has been presented by P. Rahe.107 In the case of light passing
perpendicular to the (10.4) surface, calculation of the Poynting
vectors for ordinary and extraordinary ray reveals a displace-
ment of the extraordinary ray along the [42.1] direction.107 Plac-
ing the crystal on a defined structure as illustrated in Fig. 5.3
and observing the direction of the split will, therefore, allow for
an unambiguous identification of the crystal orientation. This
orientational information can, later on, be transferred to the
measurement data by relating the coordinate systems of sample
holder and scanner.
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I N this chapter, I will present a linking strategy based on the
development of a versatile molecule from the class of shape-

persistent oligo(p-benzamide)s that provides stable and site-spe-
cific anchoring of the molecular building block towards calcite(10.4).115

The strong anchoring towards the surface achieved in that way
results in a well-defined adsorption position. At the same time,
the anchor does not interfere with the intermolecular interac-
tion, ensuring structural flexibility.

All molecules used in this study were kindly provided by
through a collaboration with the group of

at the University of Fribourg.
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6 Shape-Persistent Oligo(p-benzamide)s

6.1 Introduction

Due to their inherently extended chain structure116 and their
ability to form hydrogen bonds between chains,117–119 shape-
persistent oligo(p-benzamides) are promising candidates for use
as supramolecular building blocks and the creation of molecular
rods.119–122 The molecular building block investigated here is
specially designed to allow for electrostatic interaction of iodine
atoms with the surface calcium ions, thus ensuring a strong and
site-specific anchoring. At the same time, the iodine atoms do
not interfere with the intermolecular interaction that is encoded
in the functional groups attached to the molecular core.

The molecules presented in the next sections are variations of
2-hydroxy-4-iodo-N-(4-iodophenyl)benzamide. Their structural
models are shown in Fig. 6.1 (a-c). The different molecules are
named according to their functionalization. Due to the aromatic
backbone of two iodobenzene units connected via an amide bond,
the building block molecule (Fig. 6.1 a) is referred to as oligo

iodo benzamide (OIB). The other two molecules are OIBal with
an added hexyloxyl group (Fig. 6.1 b) and OIBca equipped with
an additional carboxylic acid group at the end of the hexyloxyl
chain (Fig. 6.1 c).

OIBalIHN
I

O

O

13.5 Å

OIBIHN
I

O

OH

OIBca
IHN

I
O

O

O
HO

(a) (b)

(c) (d)

[ .1]42

[01.0]

5.0 Å

8.1 Å
Calcium
Carbon
Oxygen

Figure 6.1: (a-c) Skeleton formulas and ball models of the oligo(p-
benzamide) molecules used in this study. (d) Model of the calcite(10.4)
surface drawn to scale.

52



6.1 Introduction

Using a quartz crystal microbalance setup it was verified that all
molecules are suitable for sublimation, while at the same time
determining their respective sublimation enthalpies ∆Hsub (Fig.
6.2). The obtained values are ∆Hsub = (1.48±0.08)eV for OIB,
∆Hsub = (1.21±0.1)eV for OIBca and ∆Hsub = (1.68±0.08)eV for
OIBal. All values are very close, which can easily be explained
by their common aromatic backbone. The deviations are caused
by the different molecular functionalizations, demonstrating the
different interaction strength in the bulk phase.
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Figure 6.2: Arrhenius plots including sublimation enthalpies (∆Hsub) for
the oligo(p-benzamide) molecules used in this study. The dashed line in-
dicates the resolution limit of the setup.

Before presenting the observed structures of the three differ-
ent molecules, I will discuss the expected interaction of the core
building block with the calcite substrate. Based on the previous
success of electrostatic anchoring,16,21,30–34 I make use of elec-
tronegative atoms that can provide electrostatic attraction to-
wards the surface calcium cations. The common core constituted
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6 Shape-Persistent Oligo(p-benzamide)s

by OIB is equipped with two iodine atoms at a center-to-center
distance of 13.5 Å. It can be expected that the adsorption position
is governed by a common motif, namely that both iodine atoms
are preferred to be centered directly above surface calcium ions,
thereby maximizing the attractive molecule-substrate interac-
tion.

When positioning one of the iodine atoms on top of a surface cal-
cium cation, possible adsorption positions for the second iodine
atom lie on a circle with a radius of 13.5 Å. The three Ca ions
that lie closest to the circle representing the three best molecular
adsorption configurations in terms of iodine-calcium match are
presented in Fig. 6.3. Tab. 6.1 summarizes the Ca-Ca distances,
angles and deviations from the I-I distance for these three best
adsorption geometries. In the best two configurations (position
1 and 2) the I-I distance fits excellently to the distance of the
underlying calcium ions with deviations smaller than 5% (0.4 Å
and 0.6 Å ) while the third best choice (position 3) is already sig-
nificantly less favorable with a deviation of ~10% (1.3 Å ). Note
that for each adsorption configuration there is an equivalent mir-
rored configuration with the mirror axis along [42.1].

13.5 Å

[ 1]42.

[01.0]

OIB

1

32

13.5 Å

x

Figure 6.3: Determination of preferable adsorption positions for OIB on
calcite(10.4). The black discs represent the iodine atoms with their co-
valent diameter. The three configurations that provide the best match of
the distances between the molecule’s iodine and the substrate’s calcium
atoms are drawn. For angles and distances see Tab. 6.1.
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Pos. Angle towards Ca-Ca Dev. from

[42.1] distance I-I distance

1 22.4° 13.1 Å -0.4 Å

2 51.0° 12.9 Å -0.6 Å

3 0° 12.2 Å -1.3 Å

Table 6.1: Structural fit of the OIB adsorption positions from Fig. 6.3

This purely electrostatic picture clearly favors two adsorption
configurations (positions 1 and 2 in Fig. 6.3) and I will demon-
strate that indeed only these adsorption positions are adopted
by the molecules in this study, justifying the simple electrostatic
approach taken here.

As OIB, OIBal and OIBca incorporate the same iodobenzene
backbone, the molecular adhesion to the surface is expected to be
very similar for all investigated molecules. The different func-
tional groups contribute only marginally here, as will be con-
firmed later by the NC-AFM data. The functional groups will,
however, influence the cohesion of the molecules on the surface
as will be discussed individually for each molecule in the follow-
ing sections.
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6.2 OIB

Fig. 6.5 (a) shows the situation after the deposition of OIB on the
calcite surface at room temperature (RT). I observe the forma-
tion of ordered single-layered island structures with an apparent
height of about 3 Å. Considering the molecular dimensions, this
height indicates that the molecules adsorb in a flat-lying manner
on the surface.

Apart from islands, I also observe mobile molecular species which
are only visible as streaks in the island-free areas on the surface.
Apparently, well-ordered islands and mobile molecules that at-
tach at and detach from island edges co-exist at RT. However,
apart from cluster decorations on the island edges as shown in
Fig. 6.5 (b), I never observe any second-layer growth. The ab-
sence of a second layer indicates the formation of a stable molec-
ular wetting layer on the surface and sufficiently strong adhe-
sion energy.

A

i

ii

O

O A

Figure 6.4: Adsorption
behavior of OIB at the
calcite step edges. O in-
dicates the obtuse step
edge, A is the acute step
edge. The shaded areas
indicate the OIB molecu-
les.

As an interesting side effect, the islands are not distributed uni-
formly on the surface but show a preferred nucleation at certain
calcite step edges. On the calcite(10.4) surface, two type of step
edges exist, namely the obtuse and the acute step edges. Both
have a monatomic height of about 3 Å, the same as the observed
islands. Interestingly, there seems to be some sort of discrim-
ination between these two edges. Molecular OIB islands only
nucleate at the top of acute step edges or at the bottom of obtuse
step edges (see Fig. 6.4). The inverse case, however, was never
observed.

High-resolution NC-AFM imaging of single islands as depicted
in Fig. 6.5 (b) reveals that the islands consist of bright rows that
are arranged in two domains I and II. Upon closer investigation,
it is found that the two domains constitute mirror-images of each
other, each enclosing an angle of 50° with the substrate [42.1]
direction, which acts as the mirror axis. The orientation of the
bright rows in I is nearly parallel to the fast scanning direction
of the AFM, making them hard to distinguish with the naked
eye. However, when rotating the scan angle by 45° as shown in
Fig. 6.6, the bright rows in I can unambiguously be identified.
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Figure 6.5: (a-b) NC-AFM topography (z) data of OIB on calcite(10.4) at
RT. The dashed lines in (a) indicate step edges of the underlying calcite
substrate. Mirrored domains in (b) are labeled I and II. Their main ori-
entations are indicated by dashed lines, the mirror axis is given by the
dash-dotted line. The image is corrected for linear drift. Inset of (b):
Dissipation image revealing the row structure of domain I. The inset is
magnified by a factor of two compared to (b). (c) Proposed molecular ad-
sorption model. The hydrogen bond between two molecules is indicated
by the shaded region in the inset.

Considering the fact that the molecules lie flat on the surface,
I expect intermolecular hydrogen bond formation between the
hydroxyl group and the carbonyl oxygen atom being the driv-
ing force for the molecular arrangement on the surface. This
interaction results in the formation of rows of molecules aligned
side-by-side. The bright rows in the two domains have a repeat
distance of approx. 16 Å, which is considerably smaller than the
length of the molecule’s main axis of 17.5 Å. This finding indi-
cates that the molecules’ main axis forms an angle smaller than
90° with respect to the row direction. An excellent side-by-side
alignment of the molecules at an angle of about 72° with respect
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6 Shape-Persistent Oligo(p-benzamide)s

Figure 6.6: Influence of scan direction on the imaging of OIB islands. (a)
Scanning parallel to the rows in I. Only the bright rows in II are clearly
visible. (b) Rotation of the scan direction by 45°. The rows in I can clearly
be seen now.

to the row direction is found as depicted in Fig. 6.5 (c). From
this molecular alignment and the known directions of the un-
derlying calcite crystal, I determine the angle of the molecule
with respect to the [42.1] direction to about 22°, which is in ex-
cellent agreement with the angle of 22.4° that is expected for the
optimum adsorption position 1. Thus, I conclude that the sim-
ple picture of electrostatic interaction between the iodine atoms
and the surface calcium cations is, indeed, correct for the OIB
backbone.

The existence of two distinct domains is readily explained by
mirror-symmetric adsorption position. However, another prop-
erty of the OIB molecule, namely its prochirality has to be con-
sidered as well. While OIB is achiral in the gas-phase, it be-
comes chiral upon its two-dimensional confinement to the sam-
ple surface. Fig. 6.7 shows several possibilities of arranging the
OIB enantiomers into the two domains, based on the adsorption
position as elaborated on above. Comparing different combina-
tions and spatial arrangements of the enantiomers, it turns out
that only for a homochiral domain the distance between the oxy-
gen atoms involved in the hydrogen bond can be minimized to
dO-O = 2.5 Å (upper left part of Fig. 6.7). Purely heterochiral ar-
rangements result in conformations where the molecules have
only one bonding partner at 2.5 Å distance, while the next neigh-
boring molecule is farther away (lower left of Fig. 6.7). Analo-
gously, it can be shown that one enantiomer only fits to one of
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6.2 OIB

Figure 6.7: Influence of prochirality on the domain formation. OIB enan-
tiomers are colored red and blue respectively. The oxygen-oxygen distance
dO-O applies to the hydrogen bonds between the blue colored molecules in
the upper part of the image. The black ellipses mark the relevant hydro-
gen bonds.

the domains I or II. An example is shown in the upper right part
of Fig. 6.7, where the enantiomer used for the construction of I is
rotated to fit the orientation of II. This leads to an oxygen-oxygen
distance of dO-O = 4.5 Å as opposed to 2.5 Å when using the other
enantiomer. Based on these considerations, I, therefore, assume
that the domains I and II result from chiral separation of the
OIB molecules.

Interestingly, the molecular islands can easily be destroyed dur-
ing the scanning process. Depending on the interaction strength
between tip and sample, islands are either removed during the
acquisition of a single image or can be traced over a series of im-
ages before they are completely dissolved. The dissolution pro-
cess always starts at the edges of the molecular islands where
the molecules only have a single bonding partner as opposed to
two partners inside the island. The energy needed to separate
one molecule from the island edge is, thus, reduced at least by a
factor of two compared to the binding strength inside the island.
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6 Shape-Persistent Oligo(p-benzamide)s

Figure 6.8: (a-f) Consec-
utive AFM dissipation
images of OIB on cal-
cite(10.4) taken at RT.
Acquisition time for each
image is 500 s.

Fig. 6.8 shows a series of dissipation images, illustrating how a
group of islands is slowly changing shape and dissolving during
the scanning process. Dissipation images in AFM contain infor-
mation about the energy that is needed to keep the cantilever
oscillation stable. It is hence possible to calculate the energy
dissipated in the sample during each scan cycle using the rela-
tion123

Ets =

(

Γ

Γ0
−1

)

·
πkA2

Q
(6.1)

where Γ is the dissipation energy at the point of interest and Γ0
the energy dissipated in the unperturbed state. k, A and Q are
the cantilever stiffness, oscillation amplitude and quality factor.
For the sample shown here, the difference in dissipation energy
between substrate and molecules is about 0.9 eV/cycle whereas
the calculated binding energy for an oxygen-oxygen hydrogen
bond is around 0.3 eV.124 OIB molecules can, thus, be easily re-
moved from the islands by scanning.

The relatively low cohesion of the molecules especially at the
island edges is, of course, highly undesirable when considering
application-relevant conditions. While a successful anchoring of
the molecules via the iodine atoms could be achieved, i.e., the
molecular adhesion is sufficiently strong, the intermolecular co-

hesion appears to be too weak. I, therefore, vary the intermolec-
ular interaction by using functionalized OIB derivatives.
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I will now discuss how the structure formation is influenced by
adding an alkyl chain to the OIB backbone, resulting in OIBal.
Fig. 6.9 (a) gives an overview image after depositing OIBal mo-
lecules onto the calcite(10.4) surface at RT. Very similar to OIB,
islands of a height of 3 Å are formed, again indicating a flat-
lying adsorption position. The island distribution on the sam-
ple surface is not even, but follows the same step edge nucle-
ation scheme as described for OIB. In contrast to the structures
formed by OIB however, I neither observe strike-artifacts due to
mobile molecular species in addition to island structures, nor are
the self-assembled islands decorated by clusters. This already
indicates a stronger molecule-molecule interaction between OIBal

on the surface.

A detailed analysis of images of the OIBal islands reveals the
existence of two distinct domains I and II with a common ori-
entation along the [01.0] direction of the underlying substrate
(Fig. 6.9 b), while high-resolution images reveal an internal net-
work structure of these domains (Fig. 6.9 c). The repeat distance
along the common [01.0] orientation is (15±1)Å in both domains,
which is exactly three times the repeat distance of the underly-
ing calcite surface in this direction. This clearly emphasizes the
template effect of the calcite substrate due to the anchoring of
the iodine to the surface calcium cations.

From the high-resolution image in Fig. 6.9 (c) a model can be
extracted that confirms the favorable adsorption position 1 of
the molecular back bone (Fig. 6.9 d) exactly as in the case of OIB
(see Fig. 6.5 c). Due to the additional alkyl chain, however, the
OIBal molecules are forced to arrange in a less dense packing
compared to OIB.

As a result OIBal molecules form dimers connected via overlap-
ping alkyl chains due to van-der-Waals interaction. Due to their
very high flexibility, the interdigitated alkyl chains do not nec-
essarily have to lie completely parallel to the surface, but could
protrude from the surface. The dimers arrange along the calcite
[01.0] direction as shown in the model in Fig. 6.9 (d). The back-
to-back arrangement of the molecules is stabilized by the forma-
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6 Shape-Persistent Oligo(p-benzamide)s

Figure 6.9: (a-c) NC-AFM topography (z) images of OIBal on calcite(10.4)
at RT. Domains are labeled I and II. Images (b) and (c) are corrected for
linear drift. (d) Proposed adsorption model. Hydrogen atoms are omitted
for clarity. Translation of dimer rows along [01.0] causes two different
arrangements of the row with respect to each other as indicated by the
dashed connections of four iodine atoms in each domain. Inset: The hy-
drogen bonds between two OIBal dimers are indicated by the shaded re-
gions, the van-der-Waals interaction between the alkyl chains is indicated
by the dashed area.

tion of two hydrogen bonds between the carbonyl oxygen atoms
and adjacent hydrogen atoms in the neighboring molecule. Note
that this is different from OIB, where the side-by-side alignment
was stabilized by only one hydrogen bond. For geometric rea-
sons, OIB molecules cannot be in a back-to-back configuration
that allows for two hydrogen bonds between each pair of mole-
cules because void regions would be created. OIBal molecules,
in contrast, can arrange at a distance that allows for the for-
mation of two hydrogen bonds in the back-to-back configuration
since the alkyl chains serve as the necessary spacers that bridge
these voids (see inset of Fig. 6.9 d). The required area per OIBal
molecule is 152 Å2 compared to 101 Å2 for OIB.
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6.3 OIBal

Figure 6.10: (a-f) Se-
ries of frequency shift
images obtained for
OIBal. Apart from
slowly changing borders,
the islands remain
intact upon scanning.
Acquisition time for
each image is 500 s.

The dimer rows in both OIBal domains have a common orienta-
tion along [01.0] and a row distance of (20±1)Å. The adsorption
position is mirror symmetric to the substrate [42.1] direction
which readily explains the existence of the two domains. Ad-
ditionally, two neighboring rows can be shifted with respect to
each other, resulting in two possible arrangements as shown in
Fig. 6.9 (d). In domain I, the dimer rows along [01.0] are oriented
with four neighboring iodine lying on the corner of a rectangle.
However, it is also possible to translate the dimer rows along
the substrate [01.0] direction to the next calcium ion as shown
for domain II in the model. Now, the neighboring iodine atoms
form a sheared rectangle, which leads to an overall different ori-
entation towards the [42.1] direction as compared to I. As this
translation is possible for every new dimer row along [01.0], fre-
quent domain transitions and varying domain orientations are
observed.

The OIBal islands appear more stable than those formed by OIB
molecules, as only slight rearrangements of the island edges are
observed. This finding corroborates the above made statement
of a stronger molecule-molecule interaction on the surface in the
case of OIBal as compared to OIB. Even at tip-sample interac-
tions larger than typical imaging conditions, it was not possible
to deliberately destroy the OIBal islands by scanning (Fig. 6.10).
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6 Shape-Persistent Oligo(p-benzamide)s

This is in sharp contrast to what was observed for OIB, where
the low intermolecular cohesion is heavily interfering with the
acquisition of high-resolution images. This higher cohesion can
be explained by the aforementioned interdigitation of the alkyl
chains. It has been shown that the van der Waals interaction
between two alkyl chains is in the order of 0.08 eV per pair of in-
teracting CH2 units, resulting in a total binding energy of about
0.5 eV in the case of two interacting hexyl chains in an OIBal

dimer.125,126 The interaction due to overlapping hexyl chains is
considerably larger than the single hydrogen (~0.3 eV) bond be-
tween two OIB molecules, which is in excellent agreement with
the experimental observation of less stable islands in the case
of OIB. Thus, by comparing these results of OIBal with those
of OIB, it can be concluded that while adhesion to the surface
is very similar for both molecules, their cohesion differs signifi-
cantly.

Functionalization of OIB with an alkyl chain of sufficient length
changed the type and strength of the molecular interaction, swit-
ching from a single hydrogen bond connecting two OIB molecu-
les to van-der-Waals interaction and double hydrogen bonding
for OIBal. The adjustment of the molecule design has a signifi-
cant influence on the molecular structure formation, resulting in
a distinct change in island morphology, density and relative ori-
entation of the molecules within the islands, despite the fact that
the molecular adsorption position with respect to the underlying
calcite substrate remained unchanged.

6.4 OIBca

IHN
I

O

O

O
HO

Introducing a carboxylic acid group at the end of the OIBal alkyl
chain yields the molecule OIBca, again changing the interaction
between two molecules on the surface. For this molecule, dimer-
ization via the formation of hydrogen bonds between two car-
boxylic acid groups should be favorable. Since both C=O...H-O
hydrogen bonds have a binding strength of about 0.3 eV,124 this
dimer connection should be even stronger than the overlapping
alkyl chains within an OIBal dimer.

Fig. 6.11 (a) shows the molecular structures that are formed af-
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6.4 OIBca

Figure 6.11: (a-c) NC-AFM topography (z) and frequency shift (∆ f ) im-
ages of OIBca on calcite(10.4) at RT. Three different domains are labeled
I-III. (b) Detailed image revealing the internal structure of domains I and
II. (c) Detailed image showing a domain I area. Images (b) to (c) are cor-
rected for linear drift. The corrugated rows are marked with a dashed
arrow, the blurry rows with a dash-dotted arrow. (d) Adsorption model for
OIBca in position 2. Inset: The carboxylic acid dimer is indicated by a
shaded ellipse.

ter deposition of OIBca on the calcite(10.4) surface held at RT.
Ordered island structures with a height of about 3 Å form and
co-exist with mobile molecular species similar to the situation
found after OIB deposition. In contrast to OIB however, no dec-
oration of the islands is observed. While the molecular islands
are again nucleating at the calcite step edges, no step edge dis-
crimination as was found for OIB and OIBal is observed here.
High-resolution images reveal the existence of at least three dif-
ferent domains I - III on the surface (Fig. 6.11 a and b). The
molecular rows in I are oriented parallel to the substrate [42.1]
direction, whereas the rows in domains II and III enclose an
angle of ±29° and ±34° with that direction, respectively. In con-
trast to OIB, the different domains are not mirror images of each
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6 Shape-Persistent Oligo(p-benzamide)s

other. The co-existence of different domain structures indicates
competing intermolecular interaction types of similar interac-
tion strength. This is different from the well-defined configura-
tions revealed for OIB and OIBal. However, despite the fact that
different structures are obtained, the OIBca structures are re-
vealed to follow the crystallographic directions of the substrate,
indicating the strong substrate templating effect.

In contrast to OIB and OIBal, OIBca presumably forms stable
dimers that are connected at the end of two flexible alkyl chains,
altogether resulting in much more flexible and space-consuming
dimer units. This readily explains the structural complexity in
the case of OIBca, but at the same time precludes me from draw-
ing a simple adsorption model for all configurations that are ob-
served. I will, therefore, only exemplary discuss a possible struc-
tural arrangement of OIBca molecules in domain I.
Fig. 6.11 (c) shows a high-resolution image of domain I, reveal-
ing its inner structure. Two alternating row types, running par-
allel to the [42.1] direction are observed within the domain. Ev-
ery second row has a clearly discernible corrugation with a peri-
odicity of (7.8±0.5)Å along [42.1], precisely matching the calcite
repeat distance in that direction (a-type row). In contrast, every
other row appears somewhat blurry (b-type row). A model for
domain I is given in Fig. 6.11 (d). The corrugation in the type
a rows is readily reproduced by OIBca dimers and the equidis-
tant spots can be assigned to the molecule’s iodine atoms occupy-
ing adsorption sites above calcium cations. While the molecular
backbone is firmly anchored to the surface, the alkyl chains con-
necting the dimers are still flexible enough likely leading to the
blurry b-type rows. The molecular orientation on the substrate
matches that of the favorable adsorption position 2 presented in
Fig. 6.3. Thus, domain I confirms the favorable adsorption motif
that was found for OIB and OIBal.

The images obtained for OIBca demonstrate that adding a flex-
ible intermolecular linker results in yet another molecular ar-
rangement. In good agreement with the flexibility of the linker,
coexisting equivalent structures are revealed that are governed
by the intermolecular cohesion, while the adhesion mechanism
to the surface is unaffected by the change in functionalization.
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6.5 Further Iodobenzene Systems

The observations made for the OIB-based molecules clearly demon-
strate a significant electrostatic anchoring of the molecules to-
wards the surface, while at the same time the flexibility to fine-
tune the resulting structure by adjusting the intermolecular co-
hesion is maintained. These findings are, of course, not lim-
ited to the molecules discussed above, but can be used to ratio-
nally design new molecules for use in self-assembly processes.
To demonstrate this as a short, yet straight-forward example, a
third benzene unit is added to the OIB backbone, resulting in a
molecular structure as shown in Fig. 6.12 (a).

Figure 6.12: (a) Skeleton and ball models for OIBt and OIBtal. (b) Ar-
rhenius plots for OIBt and OIBtal including sublimation enthalpies. The
dashed line indicates the resolution limit of the setup.

In comparison to OIB, the center-to-center distance between the
opposing iodine atoms is increased to 20.0 Å. To indicate this
third benzene unit the new backbone will be called oligo iodo

benzamide trimer (OIBt). This new, expanded structure does not
alter the iodine anchoring mechanism to the surface, but allows,
e.g., for the addition of two alkyl chains, yielding OIBtal (Fig.
6.12 b), which offers interdigitation possibilities on both sides of
the molecule.

Sublimation experiments yield a sublimation enthalpy of ∆Hsub ≈

(2.2±0.1)eV for both molecules (Fig. 6.12 c). I, therefore, assume
that their interaction in the bulk is of similar strength. This
is also in good agreement with the intermolecular interaction

67



6 Shape-Persistent Oligo(p-benzamide)s

mechanisms as will be described below.

Possible adsorption positions on calcite(10.4) are determined ana-
logously to OIB by drawing a circle of 20 Å radius (i.e. the I-I
distance in the OIBt molecule) around a surface calcium cation.
The three best matches of Ca-Ca and I-I distance are drawn in
Fig. 6.13 while Tab. 6.2 summarizes distances and orientations
for those three adsorption positions.

Figure 6.13: Determination of preferable adsorption positions for OIBt
on calcite(10.4) analogously to OIB. The black discs represent the iodine
atoms with their covalent diameter. The three configurations that provide
the best match of the distances between the molecule’s iodine and the
substrate’s calcium atoms are drawn. For angles and distances see Tab.
6.2.

Pos. Orientation towards Ca-Ca Dev. from

[42.1] distance I-I distance

1 90.0° 20.0 Å 0 Å

2 0° 20.3 Å 0.3 Å

3 78.6° 20.4 Å 0.4 Å

Table 6.2: Orientations and calcium-calcium distances for OIBt on cal-
cite(10.4) as drawn in Fig. 6.13

Based on the observations made for the oligo iodo benzamides
as discussed in sections 6.2-6.4, I expect the formation of two
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hydrogen bonds between the molecules in the case of the back-
bone OIBt (Fig. 6.14 a). The strength of these hydrogen bonds
is about 0.3 eV each,124 resulting in a net bonding strength of
about 0.6 eV between two OIBt molecules. At the same time, this
rather rigid molecular formation severely limits the possibility
of adopting one of the favorable adsorption positions depicted in
Fig. 6.13 that would enable electrostatic interaction between io-
dine and calcium. Assuming a typical distance of about 2.5 Å
for the atoms involved in the hydrogen bond,124 it can be shown
that, using the model described above, it is not possible to po-
sition two bound OIBt molecules on the calcite surface such as
that all four iodine atoms are placed on top of surface calcium
cations. I, therefore, expect the formation of molecular clusters
instead of wire-like structures for OIBt. In the case of OIBtal,
the interaction strength between two interdigitated alkyl chains
is about 0.5 eV (see section 6.3), close to the 0.6 eV for two bound
OIBt molecules. However, the flexibility of the alkyl chains al-
lows for easily positioning bound OIBtal molecules in one of the
favorable adsorption positions and I expect the formation of ex-
tended, wire-like structure for OIBtal (Fig. 6.14 b).

Figure 6.14: Proposed interaction mechanisms for OIBt and OIBtal. (a)
The hydrogen bonds between two OIBt molecules are indicated by the
shaded regions. (b) The van-der-Waals interaction between the alkyl
chains is indicated by the dashed area.

Fig. 6.15 shows the situation after deposition of OIBt and OIBtal

on pristine calcite(10.4) samples. Deposition of OIBt (Fig. 6.15 a)
leads to the formation of molecular clusters. This was expected
from the interaction considerations made above, so I omit draw-
ing a detailed adsorption model for OIBt.
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Figure 6.15: (a) Frequency shift image of molecular clusters formed by
OIBt upon deposition on calcite(10.4). (b) Topography image of typical
structures formed upon deposition of OIBtal. A double color scale is used
here for better visualization. (c) Suggested adsorption models for the ob-
served molecular orientations I and II of OIBtal. Hydrogen atoms are
omitted for clarity. Alkyl chains are interdigitated, similar to OIBal.

For OIBtal, the formation of molecular islands and clusters is
observed (Fig. 6.15 b). At smaller scales, however, two kinds of
row structures are identified. The first one has an orientation of
±50° to the calcite [42.1] direction with a row separation of (20±
1) Å (Structure I). Additionally, I observe a second orientation
that is aligned along the [42.1] direction (structure II), with a
row separation of (19±1) Å.

In contrast to OIBal as described in section 6.3, OIBtal offers
two possibilities for the alkyl chains to interdigitate, thus fa-
voring the formation of extended rows. Structures identified as
islands here are, thus, most probably agglomerated molecular
rows. This row-formation also explains why the formation of
extended molecular islands that was, even at low coverages, fa-
vored for OIBal, is not observed here. From analyzing several
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high-resolution images, models for both structures can be drawn
as shown in 6.15 (c) that are based on the two best matches 1

and 2 as obtained from Fig. 6.13.

For orientation I, the molecule’s main axis is oriented perpen-
dicular to the calcite [42.1] direction, matching the calculated
angle of 90° for adsorption position 1. Analogously, adsorption
position 2 matches well the observations made for orientation
II. The alkyl chains on both sides of OIBtal can interdigitate
with those of neighboring molecules, resulting in the extended
row structures that are observed. Due to their high flexibility,
this is possible in both orientations I and II. The mechanism of
interdigitation is similar to what was observed for the formation
of OIBal dimers. Though some of the molecules are still mobile
on the surface, as indicated by streaks in the acquired images, it
was not possible to deliberately destroy the molecular structures
as in the case of OIB, indicating a high molecular cohesion.
Altogether, this short example demonstrates, that the insights
gained from the investigation of the OIB-based molecules dis-
cussed before can be transferred to other systems as well.

6.6 Conclusions

I demonstrate the systematic variation of molecular cohesion for
a set of molecules with identical adhesion to an insulating sub-
strate. To achieve this, the functionalization of shape-persistent
oligo(p-benzamide)s was engineered by introducing different func-
tional groups and investigating their effect on the structural for-
mation on the insulating calcite(10.4) surface. The molecular
core was designed to provide significant electrostatic anchoring
towards the surface, while at the same time maintaining the
flexibility to fine-tune the resulting structure by adjusting the
intermolecular cohesion energy.

The success of this strategy is based on a clear separation of
the molecule-substrate interaction from the molecule-molecule
interaction. I compare a total of five rationally designed mole-
cules based on closely related molecular building blocks. Four
of these molecules adopt a well-defined adsorption position that
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is governed by the same iodine-calcium interaction motif, indi-
cating the strength of the iodine anchor. Despite the identical
adsorption mechanism, distinctly different molecular structures
could be achieved by changing the molecule functionalization.
The different functionalizations encode a change in the orienta-
tion of the molecules with respect to each other and, thus, result
in entirely different self-assembled structures.

My results show that sufficient molecule-surface anchoring can
be achieved without restricting the structural flexibility that is
needed for the design of complex molecular systems.
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M OLECULAR functionalization proves to be a valuable tool to
control the structure formation in molecular self-assembly

as was shown in the last chapter. Here, I will present the inves-
tigation of several derivatives of terephthalic acid. In contrast to
the oligo iodo benzamides, the structural changes made here re-
sulted in a different anchoring of the molecular building blocks
to the surface, decisively influencing the structure and stability
of the self-assembled arrangements.

Automated electron diffraction tomography investigations for two
of the molecules were kindly performed by
through a collaboration with the group of 127 Parts
of the measurements presented for the 2-BrTPA molecule were
conducted by my colleague
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7.1 Introduction

Terephthalic acid (TPA, benzene-1,4-dicarboxylic acid) and its
derivatives are of broad interest for a range of applications. They
are especially valued for their suitability as linkers in the prepa-
ration of coordination polymers and metal-organic frameworks
(MOFs).128 Applications range from MOFs whose porosity al-
lows for efficient gas adsorption129,130 to the use of TPA deriva-
tives in the dye industry.131 It is, therefore, of great interest to
investigate their properties as building blocks in molecular self-
assembly.

Previous experiments involving TPA adsorption on the calcite(10.4)
surface have shown that the TPA molecules are very mobile on
the surface at room temperature.36 This has hindered the high-
resolution imaging with AFM which could only be achieved by
performing the measurements at coverages that were at least
one monolayer. That way, the TPA molecules in the first mono-
layer are stabilized and high-resolution AFM measurements can
be performed. For many application-relevant structures, how-
ever, it is desirable to create stable structures at sub-monolayer
coverages.

I, therefore, chose various derivatives of TPA and investigated
the influence of the additional functional groups on the structure
formation and stability upon deposition on calcite(10.4). As the
structure formation of the TPA backbone on the calcite surface is
already known, the observed differences can directly be related
to those functional groups.

The molecules investigated in this chapter are shown in Fig. 7.1
a - c. By adding an amino group to TPA at position 2 the molecule
2-aminoterephthalic acid (2-ATPA) is obtained. The hydrogen
atoms of the amino group should enable hydrogen bonding to the
substrate carbonate groups, thus stabilizing the 2-ATPA molecu-
les on the calcite surface. In the case of 2-bromoterephthalic acid
(2-BrTPA), the amino group in 2-ATPA is replaced by a bromine
atom, thus changing the interaction mechanism with the calcite
surface. In analogy to the successful anchoring of oligo iodo ben-
zamides as presented in chapter 6, the electronegative bromine

74



7.1 Introduction

Figure 7.1: (a-c) Skeleton formulas and ball models of the TPA deriva-
tives investigated in this study. (d) Model of the calcite(10.4) surface
drawn to scale.

Molecule Purity pKa ∆Hsub [eV]

2-ATPA 99% 3.58132 (1.67±0.09)

2-BrTPA 95% 2.21133 (1.67±0.16)

2-Br-5-PATPA n.a. n.a. (0.88±0.24)

Table 7.1: Purity, acid dissociation constant (pKa) and sublimation en-
thalpy (∆Hsub) of the TPA derivatives investigated here. The latter
were obtained from sublimation experiments using a QCM setup. 2-Br-5-
PATPA was purchased from the Sigma-Aldrich rare chemical library CPR.
Therefore, no further analytical data were available for this molecule.

should act as an electrostatic anchor by interacting with a pos-
itively charged surface calcium cation. The third investigated
molecule is 2-bromo-5-(phenylamino)terephthalic acid (2-Br-5-
PATPA), which is obtained by adding a phenylamine to 2-BrTPA
at position 5. Similar as for 2-BrTPA, the bromine is expected to
interact with the surface calcium cation while, at the same time,
the formation of a N-H· · ·O hydrogen bond between molecule and
surface should be possible. In addition, it is of interest to investi-
gate how the comparatively large phenylamine affects the struc-
ture formation of 2-Br-5-PATPA in comparison to the smaller 2-
ATPA and 2-BrTPA molecules.
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7.2 2-ATPA

Fig. 7.2 a shows the situation after the deposition of 2-ATPA
on the substrate at RT. The coverage here is < 0.1 monolayer
(ML). Straight lines are observed, that run strictly parallel to
the substrate [01.0] direction. Their apparent height was de-
termined to about 1.4 Å with respect to the substrate. For a
flat-lying molecule, however, a height of about 3 Å would be ex-
pected as has also been reported for TPA on calcite(10.4).107,134

This height difference is probably the result of additional elec-
trostatic interactions between tip and sample that arise during
the measurement.95 While the height measurements here are
obviously biased, a flat-lying adsorption geometry is assumed
for 2-ATPA as will be further corroborated by the following ana-
lysis.

Figure 7.2: (a) Topography image of 2-ATPA on calcite(10.4) at coverage
< 0.1 ML. (b) Height profile along the dashed line drawn in (a). The ap-
parent height is about 1.4 Å.

The molecular rows are distributed evenly over the sample sur-
face and do not nucleate at the calcite step edges. The same
adsorption behavior is observed when preparing samples with
higher coverage as shown in Fig. 7.3. At that coverage, the
molecular rows assemble into narrow, elongated islands, still
keeping the strict [01.0] orientation. High-resolution images
(Fig. 7.3 c) reveal the inner structure of these islands. Care-
ful analysis of several drift-corrected images yields an inner cor-
rugation of the rows of (10±1)Å along the [01.0] direction, ex-
actly matching the double repeat distance of the substrate in
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Figure 7.3: (a) Increased coverage of 2-ATPA on calcite(10.4). (b,c) De-
tailed images of the formed structures. (c) is corrected for linear drift. (d)
Structural motif for the area marked in (c).

this direction. Given the molecules’ dimensions, I assign each
bright feature to a single 2-ATPA molecule (Fig. 7.3 d). Rows
along [01.0] with the same repeat distance were also observed
for unfunctionalized TPA where the molecular rows are formed
by consecutive flat-lying TPA molecules that are linked by their
respective carboxylic acid endgroups as is suggested by the TPA
crystal structure.135 This is also in good accordance with the ob-
servations made for TPA superstructures on different metal sur-
faces.136–138 Taking into account the striking similarity of TPA
and 2-ATPA in repeat distance and row orientation I, therefore,
conclude that the mechanism responsible for the row formation
is the same for both molecules (Fig. 7.3 d).

Every two 2-ATPA rows are equally spaced with a repeat dis-
tance of (8±1)Å. This is in sharp contrast to the structure for-
mation that has been observed for TPA. There, the molecular
rows are not equally spaced but two neighboring rows each have
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been found to be positioned closer to each other than the follow-
ing row. This lead to molecular ribbons as depicted in Fig. 7.4
and resulted in an overall (2×2) superstructure.

Figure 7.4: Schematic
representation of the
TPA ribbon structure
formed on calcite(10.4).
Each circle represents a
single TPA molecule.

Further increasing the coverage of 2-ATPA to > 1 ML leads to
the formation of stable ad-layers on top of the first layer (Fig.
7.5 a). In contrast to the first layer, the molecular rows in this
ad-layer are displaced by about 2.5 Å along [01.0] with respect to
each other, leading to a zig-zag structure as shown in the high-
resolution image in Fig. 7.5 b. The periodicity along [01.0] re-
mains at (10±1)Å, whereas the row separation is (12±1)Å. This
leads to an overall (2×3) superstructure of the 2-ATPA ad-layer.
The (2×1) structural motif of the underlying first layer is im-
aged simultaneously, displaying a perfectly ordered structure at
monolayer coverage.

Figure 7.5: (a) 2-ATPA at coverage > 1 ML. (b) High-resolution image of
(a). The unit cell of the closed monolayer and the ad-layer are indicated.
Rows are displaced by 2.5 Å along [01.0] in the ad-layer (zig-zag lines).
The image is corrected for thermal drift.

A striking difference between TPA and 2-ATPA self-assembly is
found when observing 2-ATPA structures for several scan cycles.
Fig. 7.6 shows a series of consecutive topography images of 2-
ATPA islands. By comparing these images, it can be seen that
the island reorganization at RT is negligibly small as only sin-
gle bright spots associated with molecules are changing place.
This clearly demonstrates the stability of the 2-ATPA structures
on the calcite surface and is in sharp contrast to the observa-
tions made for unsubstituted TPA, where extensive reorganiza-
tion of the island borders was observed under similar imaging
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conditions. A stable structure for TPA could only be achieved by
depositing at least one monolayer of molecules.

Figure 7.6: (a-c) Con-
secutive topography im-
ages of 2-ATPA islands.
The solid circle indicates
a reference point while
the dashed circles illus-
trate changes with re-
spect to the previous im-
age. Nearly no reorgani-
zation of the island bor-
ders takes place, demon-
strating the stability of
the formed structures.
Acquisition time for each
image is 500 s, the im-
ages are corrected for
linear drift.

As TPA and 2-ATPA share the same aromatic backbone and,
upon deposition on calcite, form similar rows oriented along [01.0],
this change in stability has to be attributed to the additional
amino group of 2-ATPA compared to TPA. This amino group of-
fers the possibility of hydrogen bonds to the surface carbonate
groups, thus anchoring the 2-ATPA molecules to the substrate.

Together with the high-resolution images in Fig. 7.3, an adsorp-
tion model for 2-ATPA on calcite(10.4) can be drawn that repro-
duces the observed structures (Fig. 7.7). Hydrogen bonds are
formed between opposing COOH groups of two 2-ATPA molecu-
les, leading to the aforementioned row formation. As mentioned
earlier, the mechanism responsible for the row formation along
the substrate [01.0] direction should be the same for TPA and 2-
ATPA. Additionally, the strict [01.0] orientation that is observed
supports the notion of a strong substrate templating effect. This
is further corroborated by the measured repeat distance of 10 Å
along [01.0], which is exactly two times the surface unit cell
repeat distance along this direction. This periodicity allows to
place the molecular rows such as that each amino group is po-
sitioned on top of a surface carbonate group. This enables the
formation of additional hydrogen bonds between molecules and
surface, thus further stabilizing the molecular arrangement.

In the case of unfunctionalized TPA, the substrate causes an en-
largement of the hydrogen bond length in comparison to the TPA
bulk structure.36 Apart from that, the observed row formation
is in good agreement with the crystal structure. For 2-ATPA,
however, the substrate templating effect is far more pronounced.
Automated electron diffraction tomography (ADT)139,140 investi-
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Figure 7.7: Adsorption model for 2-ATPA on calcite(10.4). The amino
group serves as anchor by forming two hydrogen bonds with a surface
carbonate group. Inset: Enantiomers of 2-ATPA. The model is drawn for
enantiomer i.

gations that were performed in the course of this study showed
that, for 2-ATPA, stacked layers are formed in the bulk,127 in
contrast to the chain formation in the TPA bulk structure.135

These layers are most probably formed due to the additional
linking possibilities to other 2-ATPA molecules that are provided
through the amino group. Upon adsorption onto the calcite sur-
face, however, this amino group can interact with a surface car-
bonate group instead of a neighboring molecule, thus leading to
the formation of row structures instead of extended network or
layer structures. As already discussed in chapter 2, this distinct
difference between bulk and surface structure formation clearly
emphasizes the strength of the substrate templating effect.

In comparison to TPA, the symmetry of 2-ATPA is reduced through
the introduction of the additional amino group and the molecule
becomes prochiral. This prochirality leads to two different ad-
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Figure 7.8: Effects of prochirality on structure formation. Enantiomer
ii is displayed in a different color for better visibility. The construction
of heterochiral rows (1) would lead to displacements along [01.0]. Addi-
tionally, the molecules are not equidistant anymore. Heterochiral islands
would exhibit repeat distances along [42.1] that are either bigger (2) or
smaller (3) than obtained from the measurements.

sorption possibilities on the calcite(10.4) surface (enantiomers
as shown in the inset of Fig. 7.7), which are, in principle, both
in agreement with the observed repeat distances. Nonetheless,
when keeping the same adsorption position for the amino group
on the surface, heterochiral rows would inevitably lead to a dis-
placement inside the molecular rows as shown in Fig. 7.8, 1.
Such a displacement, however, was never observed during the
measurements. Thus, I assume the existence of heterochiral
rows to be unlikely. The same geometrical reasoning leads to
the conclusion that the 2-ATPA islands as well are purely ho-
mochiral as, for islands that are formed by homochiral rows com-
posed of different enantiomers, the repeat distances would not fit
those that are obtained from the measurements (Fig. 7.8, 2 and
3). The prochirality of 2-ATPA, however, dictates that a racemic
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mixture is deposited and, therefore, two types of homochiral is-
lands have to be formed on the sample surface.

As an additional effect, the described adsorption mechanism would
allow for shifting each 2-ATPA row by 5 Å, thus leading to a dis-
placement of neighboring rows. Still, this was never observed
during the measurements, indicating that an additional weak
interaction exists between two neighboring rows. This is fur-
ther corroborated by the fact that, even at monolayer coverages,
only perfectly ordered structures without displacements were
observed.

Figure 7.9: High-resolution topography image taken at monolayer cover-
age of 2-ATPA. The bright spots are imaged with an asymmetry pointing
towards the upper border of the image. (a) Shows the raw data while in
(b) a line-by-line subtraction was applied to enhance visibility.

Fig. 7.9 shows a high-resolution topography image of 2-ATPA
at monolayer coverage. In this image, the bright spots are not
imaged as perfectly round discs but exhibit a clear asymmetry
pointing towards the upper border of the image. Superimposing
the structural model from Fig. 7.7 suggests that this asymme-
try can be attributed to the amino group of 2-ATPA (Fig. 7.9 b)
and supports the assumption of purely homochiral islands made
before. However, while an imaging artifact caused by the AFM
feedback loops can be ruled out by comparing different scan di-
rections, a tip-induced imaging artifact cannot be completely ex-
cluded. Yet, a similar asymmetry effect is observed for 2-BrTPA
as will be described in the following section.
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The addition of an amino group to TPA successfully stabilized
the molecular arrangement on the calcite surface at sub-monolayer
coverage while the strong substrate templating effect causes the
formation of rows which is distinctively different from the bulk
structure. In the following section, I will discuss how the self-
assembly process is influenced by replacing the amino group by
a bromine atom.

7.3 2-BrTPA

In the case of 2-BrTPA, hydrogen bonding to the surface car-
bonate groups as described for 2-ATPA is not possible anymore.
Instead, the electronegative bromine should be able to interact
with a surface calcium cation, similar to the electrostatic anchor-
ing described in chapter 6.

Figure 7.10: (a) Fre-
quency shift image
of 2-BrTPA on cal-
cite(10.4). (b,c) Con-
secutive topography
images of 2-BrTPA
from the marked area
in (a). Mobility of the
molecules is indicated
by the white circles. The
black arrows give the
slow scan direction.

Fig. 7.10 a shows 2-BrTPA molecules deposited on a pristine
calcite(10.4) surface at RT. The molecules assemble into prefer-
entially rectangular arrangements that are, apart from some de-
coration of the acute calcite step edges, distributed evenly over
the sample surface. This is different from what was observed
for TPA and 2-ATPA, where elongated rows along the substrate
[01.0] are the favored adsorption motif. Comparison of consecu-
tive topography images (Fig. 7.10 b,c) shows that the observed
structures are frequently rearranged, indicating a higher molec-
ular mobility of 2-BrTPA on the calcite surface than was ob-
served for 2-ATPA under similar conditions.

High-resolution images of 2-BrTPA at sub-monolayer coverage
(Fig. 7.10) reveal a repeat distance of (10.0 ± 0.5) Å along the
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Figure 7.11: (a) High-resolution topography image of 2-BrTPA struc-
tures. A double color scale is used for better visibility. Note that the sub-
strate is imaged simultaneously, giving an inherent lateral length scale.
(b) Height profiles along the lines indicated in (a).

substrate [01.0] direction and (8.2 ± 0.5) Å along [42.1], exactly
matching the (2×1) reconstructed unit cell of the underlying cal-
cite substrate. The height of the observed islands is determined
to about 3 Å, indicating a flat-lying adsorption position.134 Simi-
lar to the observations made for 2-ATPA, the bright spots in the
topography image are not perfectly round but exhibit a slight
asymmetry that is observed in two different orientations (circled
island in Fig. 7.11 a). I assume that this asymmetry can be
attributed to the influence of the comparatively large bromine
atom.

The arrangement of 2-BrTPA can be stabilized by depositing
close to one monolayer of molecules on the surface, similar to
what was observed for unfunctionalized TPA. The (2 × 1) super-
structure is still clearly discernible. However, whereas highly
ordered superstructures were observed for TPA and 2-ATPA at
monolayer coverages the 2-BrTPA structures display a much greater
disorder (Fig. 7.12 a). Further increasing the coverage leads
to ad-layers that are only weakly bound to the underlying first
layer. Molecular resolution could not be achieved on these ad-
layers, instead the molecules were easily removed from the scan-
ning area during the measurement process (Fig. 7.12 b). In con-
trast to the flat-lying molecules in the first layer, the ad-layer
displays a height of about 6 Å (Fig. 7.12 c), indicating a tilted
adsorption geometry. The focus in this section, however, will be
laid on the adsorption geometry at sub-monolayer coverage.
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Figure 7.12: (a) 2-
BrTPA at coverage of
~1 ML. The molecules
are stabilized at this cov-
erage. Image corrected
for linear drift. (b) Situ-
ation after scanning on
2-BrTPA ad-layer. The
rectangular scanning
area is clearly visible.
Structural resolution
on the ad-layer was
not possible. (c) Height
profile along the line
indicated in (b).

As an interesting effect, a shift of about about 4 Å along [42.1] of
the molecular structures with respect to each other is observed
when two rows of molecules, displaying two differently orien-
tated asymmetries, are adsorbed next to each other. This shift is
observed, e.g., for the island at the lower right of Fig. 7.11 a and
displayed, at higher magnification, in the topography image in
Fig. 7.13.

Crystal structure data that were obtained through ADT mea-
surements show chain formation of 2-BrTPA in the bulk, very
similar to the TPA crystal structure. The bromine does not sig-
nificantly influence the structure formation in the bulk, in con-
trast to what was observed for 2-ATPA.127 However, upon de-
position of 2-BrTPA on the calcite surface no extended chain for-
mation along the substrate [01.0] direction, as in the case of TPA
and 2-ATPA, is observed. Instead, the molecules arrange into
preferentially rectangular structures as described at the begin-
ning of this section. In order to explain this structure formation,
several aspects have to be considered.

The first one is the interaction mechanism between molecules
and surface. In analogy to the electrostatic interaction of iodine
and surface calcium cations as described in chapter 6, it is sen-
sible to assume that the bromine as well will interact with the
calcite surface, thus considerably influencing the adsorption ge-
ometry. The bromine atom should, ideally, serve as an anchor
functionality here.

The second aspect derives from the molecular structure itself.
Same as 2-ATPA, 2-BrTPA is prochiral as shown in the inset of
Fig. 7.14, allowing for two different adsorption positions on the
sample surface. Combined with the assumption of electrostatic
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Figure 7.13: Magnification of Fig. 7.11. (a).The asymmetry is indicated
by black outlines. In the upper row of the island, the direction of the
asymmetry changes, leading to a displacement along [42.1] as indicated by
the dashed line. (b) By superimposing the grid of the atomically resolved
substrate (solid lines) the adsorption position of 2-BrTPA is revealed.

interaction between bromine and calcium as described above,
structures such as the circled island in Fig. 7.11 a, together with
the observed shift along [42.1] as shown in Fig. 7.13, can, there-
fore, easily be explained as transition between "domains" that
are composed of different enantiomers of 2-BrTPA. Still, this
does not explain why no extended chain formation along [01.0]
is observed. In order to explain this, a third aspect, namely the
molecule’s pKa value has to be considered. In order to form ex-
tended chains through hydrogen bonds between two facing car-
boxyl groups, the molecules have to be protonated. The pKa

value of 2-BrTPA, however, suggests that the molecules are single-
deprotonated when adsorbed on the sample,28,133 thus hindering
the formation of extended rows along [01.0] through hydrogen
bonds between carboxyl groups. Yet, one proton per molecule is
still available for the formation of a hydrogen bond between two
2-BrTPA molecules, thus explaining the observation of weakly
bound short rows along [01.0] as shown, e.g., in Fig. 7.13.

Combining the considerations made above results in an adsorp-
tion model as shown in Fig. 7.14. From high-resolution images
as shown in Fig. 7.13, the grid of the atomically resolved sub-
strate could be superimposed on the molecular structures, lead-
ing to the conclusion that the center of each 2-BrTPA molecule is
roughly placed above a surface carbonate group. This is in good
agreement with the positioning of bromine on top of a surface
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Figure 7.14: Adsorption model for 2-BrTPA. Displaced rows as indicated
by the dashed line are caused by the different enantiomers (see inset).
Short rows along [01.0] result from the formation of a hydrogen bond be-
tween two 2-BrTPA molecules. Competing molecule-surface interactions
lead to unstable structures.

calcium cation as was proposed before for the electrostatic an-
chor mechanism. At the same time, however, the carboxylate is
situated on top of surface carbonate group in this configuration,
resulting in a repulsive interaction component between mole-
cules and surface. The existence of these two competing inter-
actions, therefore, readily explains the high molecular mobility
that is observed for 2-BrTPA on the calcite surface.

In conclusion, the observed high molecular mobility demonstrated
that introducing a single electrostatic bromine anchor function-
ality did not result in sufficient interaction with the surface in
order to stabilize the 2-BrTPA molecules on the surface. As a
result of the molecule’s deprotonation, this Br/Ca interaction is
additionally weakened by the competing COO/CO3 interaction.
In comparison, the two hydrogen bonds between a molecule’s
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amino group and a surface carbonate group in the case of 2-
ATPA successfully anchored the molecules to the surface. In the
next section I will, therefore, investigate the molecule 2-Br-5-
PATPA that is equipped with an electrostatic bromine anchor
but, at the same time, should allow for the formation of a single
N-H· · ·O hydrogen bond to a surface carbonate group due to the
additional phenylamine. In addition, the pKa value of 2-Br-5-
PATPA suggests that no deprotonation should occur, thus pre-
venting competing interactions as was observed for 2-BrTPA.

7.4 2-Br-5-PATPA

Deposition of 2-Br-5-PATPA on calcite(10.4) results in even dis-
tribution of molecular structures over the sample surface as shown
in Fig. 7.15 a, and no nucleation at the calcite step edges is ob-
served. At smaller scales, rows along the substrate [01.0] direc-
tion are identified, together with mobile molecular species that
appear as horizontal streaks in the image (Fig. 7.15 b). These
mobile species lead to frequent contrast changes and hamper the
acquisition of high-resolution images.

Imaging is slightly facilitated at higher coverages as shown in
Fig. 7.15 c, where the rows agglomerate into island structures
with an apparent row separation of (16.5±1.0)Å, matching two
times the surface unit cell repeat distance of 16.2 Å. High-resolution
images (Fig. 7.15 d) reveal that each of the rows observed at
larger scales is in fact composed of two rows of bright spots that
are slightly shifted along [01.0] with respect to each other as
indicated by the white circles in Fig. 7.15 d. The periodicity
along [01.0] is (10±1)Å, resulting in a (2×2) superstructure of
the self-assembled 2-Br-5-PATPA molecules with respect to the
substrate. Island reorganization as shown in Fig. 7.16 further
corroborates the high molecular mobility at RT as was already
indicated by the mobile species observed in Fig. 7.15 b.

For 2-ATPA and 2-BrTPA, the measured periodicities suggested
that each bright spot in the topography images can be assigned
to a single molecule. In the case of 2-Br-5-PATPA, however, the
molecule is considerably larger due to the added phenylamine
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Figure 7.15: (a,b) 2-Br-5-PATPA on calcite(10.4). (b) Molecular rows
along the calcite [01.0] direction are identified. Additionally, mobile
species are visible as streaks in the image and can induce contrast
changes as indicated by the white arrows. (c) Higher coverage of 2-Br-
5-PATPA facilitates the imaging. (d) High-resolution image of sample
shown in (c), displaying molecular double rows as indicated by the white
circles. Dashed lines mark the row separation that was observed at larger
scales. The (2×2) unit cell is drawn as well.

and the molecular dimensions do not allow the assignment of one
spot to a single molecule. In fact, the molecular dimensions sug-
gest that each 2-Br-5-PATPA molecule is imaged as two bright
spots in the topography image.

An adsorption model for 2-Br-5-PATPA is given in Fig. 7.18.
The formation of extended rows indicates that 2-Br-5-PATPA is
still protonated as opposed to 2-BrTPA. Considering that the re-
peat distance and orientation along [01.0] matches exactly that
of TPA and 2-ATPA, I, therefore, assume that the intermolecu-
lar interaction of the TPA backbone via facing -COOH groups
remains the same as for those two molecules. Same as 2-ATPA
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Figure 7.16: Consecutive topography images of 2-Br-5-PATPA. The white
circled areas have changed significantly, indicating high molecular mobil-
ity. Dashed black circles serve as reference points. Acquisition time per
image is 500 s.

Figure 7.17: (i) Ex-
pected arrangement of
bright spots in a molec-
ular row. (ii, iii) Shift of
bright spots. The direc-
tion of the shift depends
on the enantiomer that
composes the row.

and 2-BrTPA, 2-Br-5-PATPA is prochiral so that two different
adsorption possibilities exist as shown in the inset of Fig. 7.18.
For both configurations, the bromine can be positioned on top
of a surface calcium cation to allow for electrostatic interaction
as in the case of 2-BrTPA. Analogously to the geometrical con-
siderations made for 2-ATPA, I assume that the 2-Br-5-PATPA
islands are of homochiral composition.

In this configuration, one might assume to observe bright spots
that are positioned right next to each other. During the mea-
surements, however, a slight shift along [01.0] as pictured in
Fig. 7.17 is observed. This shift can most probably be attributed
to the comparatively large bromine atom that leads to an asym-
metric imaging of the 2-Br-5-PATPA molecule. At the same time,
this shift enables the differentiation of islands with differing chi-
rality. For two homochiral islands that are composed of different
enantiomers this shift should be observed in different directions
as depicted in Fig. 7.17. However, the high molecular mobil-
ity largely hindered the acquisition of high-resolution images
that would enable an unambiguous identification of the differ-
ent enantiomers.

In addition to the electrostatic interaction between bromine and
calcium, hydrogen bonding between the molecule’s nitrogen and
a surface carbonate group is possible. The interaction of benzene
with the calcite(10.4) surface is very weak, as was deduced from
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Figure 7.18: Adsorption model for 2-Br-5-PATPA on calcite(10.4). The
dashed rectangle gives the unit cell of the (2 × 2) superstructure. In
the acquired topography images, each molecules is imaged as two bright
neighboring spots (Fig. 7.15 d).

experiments with hexa-peri-hexabenzocoronene (HBC) molecu-
les.107 The remaining benzene part of the phenylamine should,
therefore, only contribute marginally to the molecule-surface in-
teraction here.

In conclusion, a stabilization of the molecular arrangement on
the surface was expected from the combination of electrostatic
interaction between bromine and calcium and the formation of
hydrogen bonds between nitrogen and carbonate groups. How-
ever, high molecular mobility as shown in Fig. 7.16 is observed
instead, similar to what was observed for 2-BrTPA before. In
combination with the results obtained for 2-ATPA and 2-BrTPA,
however, this allows for a qualitative comparison of the differ-
ent molecule-surface interactions. In contrast to 2-BrTPA, the 2-
Br-5-PATPA molecules are still protonated so that no additional
weakening of the Br/Ca interaction is expected. However, while
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for 2-ATPA, the formation of two hydrogen bonds between an
amino and a carbonate group was sufficient to stabilize the mo-
lecules on the surface, the combination of a single hydrogen bond
anchor with the electrostatic bromine-calcium interaction does
not result in significant differences in molecular mobility com-
pared to what was observed for 2-BrTPA or TPA. Apparently, the
formation of a second hydrogen bond as in the case of 2-ATPA is
critical for achieving stable structure formation.

7.5 Conclusions

I present the investigation of different anchor functionalities in
the self-assembly of several TPA-derivatives, namely 2-ATPA,
2-BrTPA and 2-Br-5-PATPA, and compare my results with pre-
viously performed work on unfunctionalized TPA. For the three
molecules investigated here, a strong substrate templating effect
was observed, resulting in structures whose repeat distances ex-
actly match the calcite(10.4) main crystal directions [01.0] and
[42.1]. The stability of those structures was critically influenced
by the different anchor functionalities. For the proposed electro-
static anchor in 2-BrTPA and the combined anchors mechanisms
encoded in 2-Br-5-PATPA, a similar mobility as for unfunction-
alized TPA was observed. The added amino group of 2-ATPA,
however, proved to be an efficient anchor functionality by suc-
cessfully stabilizing the molecular structures on the calcite sur-
face via the formation of two hydrogen bonds between the amino
group and a surface carbonate group.

These findings emphasizes, once again, the importance of bal-
ancing and fine-tuning molecule-molecule and molecule-surface
interactions in order to achieve stable, yet structurally flexible
molecular arrangements on the sample surface.
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I N the following chapter, I will present the investigation of
enantiopure heptahelicene-2-carboxylic acid on the insulat-

ing calcite (10.4) surface as an example for the influence of chi-
rality on the observed structure formation. I will demonstrate
how distinctively different structures are formed upon deposi-
tion of the racemic mixture and the enantiopure molecules re-
spectively.

The molecules used in this study were kindly supplied through
a collaboration with the group of at the Academy of
Sciences of the Czech Republic in Prague.141
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8.1 Introduction

The influence of chirality on molecular self-assembly on surfaces
is of great interest within both, fundamental as well as applica-
tion-oriented fields including, e.g., chiral recognition and enan-
tioselective catalysis.142 Ever since Louis Pasteur’s famous ex-
periment in 1848 on the manual separation of a racemic mix-
ture,143 the spontaneous segregation of a racemate into enan-
tiopure crystallites has attracted great interest.104,144 When con-
fined onto a two-dimensional surface, racemic mixtures most
commonly form homochiral domains,145,146 but heterochiral mo-
lecular films having both enantiomers within the unit cell have
also been observed.37,147 For tartaric acid on Cu(110), it has
been shown that the formation of enantioseparated domains or
racemic lattices is coverage-dependent.148

Besides extended films, chiral recognition has been demonstrated
to be decisive for the self-assembly of other structures, e.g., molec-
ular double rows37 or dimers.149 The detailed influence of chiral-
ity at the single molecular level and the substrate templating ef-
fect on the resulting mesoscopic or macroscopic expression of chi-
rality is, however, still poorly understood.150,151 Moreover, the
vast majority of chiral self-assembly investigations have been
performed using scanning tunneling microscopy as direct imag-
ing technique, limiting these studies to metallic surfaces.

Recently, my colleague investigated the self-assembly of
racemic heptahelicene-2-carboxylic acid ([7]HCA) molecules on
the (10.4) cleavage plane of calcite using NC-AFM.152 In this
work, he observed the formation of well-defined uni-directional
molecular double rows upon adsorption onto the substrate held
at room temperature. Based on an interplay between NC-AFM
results and corresponding density-functional theory (DFT) cal-
culations it was possible to draw a picture explaining the dou-
ble row formation. In this model, hydrogen bond formation is
responsible for dimerization of [7]HCA molecules while π-π in-
teraction results in the uni-directional growth of the molecular
rows. This picture is in agreement with a model of heterochiral
recognition as driving force for the double row formation. How-
ever, based on the previous results and taking into account the
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simplifications that had to be made for DFT calculations, an un-
ambiguous clarification of this model has not been possible.

Here, I will therefore investigate the structure formation of one
of the [7]HCA enantiomers, namely (M)-[7]HCA. In sharp con-
trast to the double rows that have been revealed before for the
racemate, the enantiopure compound self-assembles into extend-
ed islands composed of rows directed along the [01.0] direction.
This work, thus, elucidates the details of molecular double row
formation and indicates that heterochiral recognition is decisive
for the uni-directional double rows revealed for the racemic mix-
ture. The results of this study have also been published in the
Journal of Physical Chemistry C.35

Figure 8.1: (a) Structural formula of [7]HCA. (b) Three-dimensional
model of the (M)-[7]HCA molecule. The gray arrow marks the helical axis.

The molecule used in this work, namely the (M)-[7]HCA molecule,
is shown in Fig. 8.1. Seven benzene rings are arranged such
as to form a screw-like structure, resulting in two possible he-
licities of the molecule. For this study, the heptahelicene was
functionalized with a carboxylic group at one end of the screw
structure. The synthesis of the racemic mixture relies on the
CoI-mediated [2+2+2] cycloisomerization of an aromatic triyne
to build the helical skeleton.141 Separation of the enantiomers
was performed by preparative liquid chromatography on a chi-
ral stationary phase column.141
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8.2 Morphology at Room

Temperature

First, I will discuss the structures formed after depositing the
left-handed (M)-[7]HCA molecule onto calcite(10.4) held at RT.
A representative image is given in Fig. 8.2 (a). In this image,
island structures are revealed that are oriented along the [01.0]
direction of the underlying substrate. The enantiopure islands
are, except for their orientation, distributed randomly over the
surface at a coverage of < 0.1 monolayer. Two step edges, running
as straight lines from top to bottom, can be seen at the right side
of the image. The islands are formed on flat terraces and the step
edges do not provide nucleation centers for island growth. Even
at increased coverages, no agglomeration at the step edges takes
place (not shown). These results obtained for the enantiopure
compound differ significantly from the structures that have been
observed before for the racemic mixture of [7]HCA.152

Figure 8.2: Frequency shift images of enantiopure and racemic [7]HCA
on calcite(10.4). (a) Enantiopure (M)-[7]HCA islands. (b) Racemic
[7]HCA mixture forming uni-directional double rows. Image adapted from
Ref.152. Both images show calcite step edges, visible as straight lines run-
ning from top to bottom.

A typical image showing the structures revealed after deposi-
tion of the racemate is reproduced in Fig. 8.2 (b). In the previous
study using the racemate, it was shown that uni-directional rows
are formed aligned along the [01.0] direction. High-resolution
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8.2 Morphology at Room Temperature

NC-AFM images have revealed that these structures are com-
posed of molecular double rows. In combination with DFT cal-
culations a model for the double row formation was proposed,
which is based on dimerization through hydrogen bond forma-
tion of the carboxylic groups, while π-π interaction leads to a
binding of the molecular dimers along the row direction. Al-
though it was already speculated that heterochiral recognition
might take place in the case of the racemate, the previous re-
sults did not allow for an unambiguous identification whether
the observed rows were homochiral or heterochiral.

This question can now be addressed based on the results ob-
tained in the present study using the enantiopure compound.
The fact that racemic and enantiopure [7]HCA form distinctly
different structures on the same substrate is a strong indication
that the previously observed molecular double rows indeed orig-
inate from heterochiral recognition. This will be further corrob-
orated by the detailed investigation of the enantiopure islands
presented in the following.

Figure 8.3: (a) High-resolution topography image of molecular islands
formed by (M)-[7]HCA. The underlying calcite substrate is resolved simul-
taneously. A double color scale is used for data representation in order to
enhance visibility. Additionally, the image was corrected for linear ther-
mal drift. (b) and (c) Height profiles along the calcite [42.1] and [01.0]
direction, respectively, as indicated by the drawn lines.

Fig. 8.3 (a) shows a high-resolution image of two (M)-[7]HCA
islands. Note that the underlying calcite substrate is imaged si-
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8 Heptahelicene-2-carboxylic Acid

multaneously, providing an inherent lateral length calibration.
The (M)-[7]HCA islands are imaged with an apparent height of
typically 0.7 nm, as shown in the height profiles provided in Fig.
8.3 (b) and (c). Considering the van-der-Waals radius of an indi-
vidual molecule, a height of about 1.15 nm would be expected for
upright standing molecules (i.e. the helical axis being vertical
to the surface plane). This discrepancy to the apparent height
measured in this study can be readily explained if one assumes
that the adsorbed molecules’ helical axis is tilted relative to the
surface plane. This interpretation is in agreement with previous
studies on the racemic mixture. A tilted adsorption geometry
was also observed by Ernst et al. for heptahelicene molecules in
a saturated monolayer on Ni(100).153

Already at the scale presented in Fig. 8.3 (a) (image size of
435×435nm2), the (M)-[7]HCA islands clearly reveal an inner
structure, consisting of parallel rows oriented along the [01.0]
direction of the crystal. At sub-monolayer coverage, the islands
typically consist of 4-6 of these rows. The rows exhibit a repeat
distance of (2.3 ± 0.1) nm along the [42.1] direction, as confirmed
by the height profile given in Fig. 8.3 (b). This distance is about
twice as large as the distance one would expect for two neighbor-
ing (M)-[7]HCA molecules, indicating that two molecules align
along this direction with one molecule being imaged brighter
than the other. The observed height difference between these
two molecules is in the order of 0.02 nm to 0.05 nm.

Regarding these apparent height differences it is important to
stress once again that the measured variable in NC-AFM is the
change in the cantilever’s resonance frequency due to the inter-
action of tip and sample. Use of a feedback loop then allows
to gain topography information from this frequency shift. This
means that the measured height represents a plane of equal in-
teraction and might, for example, also be influenced by the shape
of the tip or electrostatic forces as well.95

Along the molecular rows, a clearly visible corrugation follow-
ing the calcite [01.0] direction can be identified as shown in the
height profile in Fig. 8.3 (c). The corrugation exhibits a periodic-
ity of (1.0 ± 0.1) nm, which agrees with an assignment of each of
these bright spots to a single (M)-[7]HCA molecule. Overall, a (2
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8.2 Morphology at Room Temperature

× 3) superstructure can be assigned for the (M)-[7]HCA islands,
as depicted in Fig. 8.4.

Figure 8.4: Top view of the calcite(10.4) surface with adsorbed (M)-
[7]HCA molecules. The (M)-[7]HCA molecules are represented by their
van-der-Waals radii (shaded ellipses) and the carboxylic groups only
(linked red discs representing the oxygen atoms). The unit cell of the
(2 × 3) superstructure is marked by the dashed rectangle.

A model suggested by the NC-AFM data for the molecules’ ad-
sorption geometry is given in Fig. 8.5. I assume that the (M)-
[7]HCA molecules adsorb with the carboxylic acid moiety point-
ing towards the calcite surface, where the carbonyl oxygen is ex-
pected to bind to a surface calcium atom, whereas the hydroxyl
group will bind to an oxygen atom of a carbonate group. Such
a binding behavior has been studied theoretically27 and agrees
well with the experimental determined binding of other -COOH
functionalized molecules.28

As mentioned above, the two carbonate groups within the unit
cell are rotated with respect to each other. This results into a dif-
ferent binding geometry for every second (M)-[7]HCA molecule
along the [42.1] direction. This fact provides a straightforward
explanation for the different appearance of two molecules along
this direction: The different binding geometry inevitably results
in a different orientation of the molecules with respect to each
other, which apparently is propagated to a height difference.
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8 Heptahelicene-2-carboxylic Acid

Figure 8.5: Side views of the calcite(10.4) surface with suggested adsorp-
tion geometry of (M)-[7]HCA molecules. (a) Along the [42.1] direction, the
measured repeat distance is 2.4 nm. Binding to different surface carbon-
ate groups leads to a different orientation of the molecules. (b) Along the
[01.0] direction, the measured repeat distance is 1.0 nm, twice the unit cell
repeat distance of calcite along this direction. The dashed arrow marks
the molecules’ helical axis to indicate the tilt.

I now continue this discussion by studying the morphology evo-
lution of the formed island structures. Imaging directly after
deposition of the molecules (i.e., approximately one hour after
deposition) already reveals the aforementioned islands, together
with a high density of smaller features (not shown here). Dur-
ing the scanning process the density of the latter decreased,
whereas the islands grew in area. I hence assume that most
of these smaller features were indeed small (M)-[7]HCA units,
diffusing freely on the surface until binding to already formed
islands. This is similar to what has been revealed for the race-
mate, where a transient row structure has been observed in im-
ages taken approximately one hour after deposition, consisting
of single rows that transform into the double rows discussed
above.152
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8.3 Elevated Temperatures

Single rows have also been found for the enantiopure compound
shortly after deposition, although their observed density is some-
what less than for the racemate. Assuming the racemic dou-
ble rows to be of heterochiral composition, the single rows ob-
served in that case are presumably formed by only one of the
enantiomers. Over time, the single rows vanish and exclusively
molecular double rows remain, which leads to the conclusion
that the molecular double rows are energetically favored over
molecular single rows. When depositing the (M)-[7]HCA molecu-
les, enantiopure units have no counterpart to form heterochiral
structures such as the double rows and, thus, they agglomerate
into islands instead.

In order to evaluate whether a morphology evolution of the (M)-
[7]HCA islands takes place on longer timescales than the usual
scanning process, some of the samples were stored under UHV
conditions after the initial molecule deposition and imaging. I
waited for three days and performed additional imaging after
that period. These measurements did not reveal any changes
in the morphology of the islands structures, indicating that the
island structures represent a rather stable configuration at this
temperature.

8.3 Elevated Temperatures

To investigate the effect of higher temperatures on the formed
structures, (M)-[7]HCA was deposited on a freshly prepared cal-
cite sample and subsequently heated. Prior to heating, the sam-
ple was imaged to ensure that the expected island formation had
taken place. Heating up to temperatures of ~360 K produced
no observable change in morphology. However, when increasing
the temperature further to ~400 K and annealing the sample for
1 h, I found that the number of molecular islands had decreased
whereas their individual areas had increased. The average in-
crease in island size is of the factor of 4-6. The inner island struc-
ture, however, was not changed compared to the situation before
annealing, as can be seen in the image shown in Fig. 8.6. The
orientation of these annealed islands remained along the calcite
[01.0] direction, which emphasizes the strong templating effect
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8 Heptahelicene-2-carboxylic Acid

of the underlying substrate. As before, the step edges did not act
as nucleation centers for the (M)-[7]HCA islands. Further ele-
vating the annealing temperature to ~415 K caused the islands
to vanish and I did not observe any other ordered structures, in
particular no molecular double rows as would be expected for the
aforementioned racemic mixture.

Figure 8.6: (a) (M)-[7]HCA island after annealing to ~400 K for 1 h (Im-
age corrected for linear drift). The dashed circles show defects on the
molecular rows. (b) Height profile along the indicated line. The annealed
islands do not show differences in height and periodicity in comparison to
the island structures observed at room temperature.

8.4 Conclusions

I report the formation of homochiral (M)-[7]HCA islands on the
calcite(10.4) surface. The substrate has a strong templating ef-
fect on the adsorption of the molecules, which is shown by the
common orientation of the islands along the [01.0] direction and
the modulated height of the molecular rows along the [42.1] di-
rection. This island formation is in sharp contrast to the for-
mation of uni-directional double rows, which has been observed
before for the deposition of racemic [7]HCA onto the same sur-
face. My findings, thus, elucidate the influence of chirality on the
double row formation and indicate that heterochiral recognition
is responsible for the row formation of the racemate. Chirality,
thus, proves to be another important parameter to steer the in-
termolecular interaction on the surface.
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8.4 Conclusions

Being aware of this difference between the hetero- and homochi-
ral structures of [7]HCA, a promising step would be to equip
the molecule with an additional -COOH group at position 17,
yielding [7]helicene-2,17-dicarboxylic acid ([7]HDCA) as shown
in Fig. 8.7. Whereas one of the carboxy groups can still act as an
anchor to the calcite surface here, the second one is now avail-
able for possible formation of carboxylic acid dimers. It would be
intriguing to investigate, whether in this configuration the hete-
rochiral racemate will still assemble into double rows as before,
or whether it will be driven into island structures resembling
those of the enantiopure molecules.

( )-[7]HDCAM

(a) (b)

Figure 8.7: (a) Structural formula of [7]HDCA with two carboxylic acid
groups. (b) Three-dimensional model.
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9 Summary

I N conclusion, this thesis describes the investigation of sys-
tematically varied organic molecules for use in molecular self-

assembly processes. All experiments were performed using high-
resolution non-contact atomic force microscopy under UHV con-
ditions and at room temperature. Using this technique, three
different approaches for influencing intermolecular and molecule-
surface interaction on the insulating calcite(10.4) surface were
investigated by imaging the structure formation at the molecu-
lar scale.

In chapter 6, I demonstrated the systematic variation of molec-
ular cohesion for a set of molecules with identical adhesion to
an insulating substrate. To achieve this, the functionalization of
shape-persistent oligo(p-benzamide)s was engineered by intro-
ducing different functional groups and investigating their effect
on the structural formation on the sample surface. The molecu-
lar core was designed to provide significant electrostatic anchor-
ing towards the surface via the interaction of iodine atoms with
surface calcium cations, while at the same time maintaining the
flexibility to fine-tune the resulting structure by adjusting the
intermolecular cohesion energy.
The success of this strategy is based on a clear separation of
the molecule-substrate interaction from the molecule-molecule
interaction. My results show that sufficient molecule-surface an-
choring can be achieved without restricting the structural flexi-
bility that is needed for the design of complex molecular systems.
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9 Summary

Three derivatives of terephthalic acid (TPA) were investigated
in chapter 7. Here, as opposed to the oligo(p-benzamide)s pre-
sented before, the focus was on changing the adhesion to the cal-
cite surface by introducing different anchor functionalities to the
TPA backbone. The structural formation for aminoterephthalic
acid (2-ATPA) and 2-bromo-5-phenylaminoterephthalic acid (2-
Br-5-PATPA) is very similar and mainly driven by the interac-
tion between facing carboxyl groups. For 2-bromoterephthalic
acid (2-BrTPA), structure formation and interaction differ from
the chain formation that is usually observed for TPA derivatives,
which is attributed to deprotonation of the molecule. For all ob-
served molecules, the strong substrate templating effect results
in molecular structures that are strictly oriented along the cal-
cite main crystal directions. This templating is especially pro-
nounced in the case of 2-ATPA where chain formation on the
calcite surface is observed in contrast to the formation of molec-
ular layers in the bulk. At the same time, the amino group of 2-
ATPA proved to be the most efficient anchor functionality among
the investigated molecules, successfully stabilizing the molecu-
lar chains on the sample surface.
These findings emphasizes, once again, the importance of bal-
ancing and fine-tuning molecule-molecule and molecule-surface
interactions in order to achieve stable, yet structurally flexible
molecular arrangements on the sample surface.

In the last chapter, I showed how the intrinsic property of molec-
ular chirality decisively influences the structure formation in
molecular self-assembly. To some extent, this was already ob-
served for the OIB and TPA based molecules described in the
chapters before. However, the effect of chirality on the self-
assembly process is even more pronounced in the case of the
investigated heptahelicene-2-carboxylic acid. This molecule ex-
hibits a helical chirality, so that two enantiomers with different
sense of rotation exist. Deposition of the enantiopure molecules
results in the formation of homochiral islands on the sample sur-
face. This island formation is in sharp contrast to the formation
of uni-directional double rows, which has been observed before
for the deposition of the racemate onto the same surface. While
it remained uncertain from these previous experiments whether
the double rows are composed of hetero- or homochiral molecu-
les, I could clearly answer that question here and demonstrate
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that the rows are, in fact, of heterochiral origin.
My findings elucidate the influence of chirality on the double row
formation and indicate that heterochiral recognition is responsi-
ble for the row formation of the racemate. Chirality, thus, proves
to be another important parameter to steer the intermolecular
interaction on surfaces.

Altogether, the results of this thesis demonstrate that, in order
to successfully control the structure formation in molecular self-
assembly, the correct combination of molecule and surface prop-
erties is crucial. This is of special importance when working
on substrates that exhibit a strong influence on the structure
formation, such as the calcite(10.4) surface. Through the sys-
tematic variation of functional groups several important param-
eters that influence the balance between molecule-surface and
molecule-molecule interaction were identified here, and the re-
sults of this thesis can, thus, act as a guideline for the rational
design of molecules for use in molecular self-assembly.
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(ISPM 2011, Munich, Germany)

• Influence of Chirality on Molecular Structure For-

mation: Helicene Molecules on Calcite (101̄4)

C. M. Hauke, P. Rahe, M. Nimmrich, J. Schütte, M. Kit-
telmann, I. G. Stará, I. Starý, J. Rybáček, A. Kühnle
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