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Kurzfassung

In der vorliegenden Dissertation wurden zwei Typen funktionaler Molekiile mit dem Rastertunnelmi-
kroskop (RTM) auf Metalloberflichen untersucht.

Das erste Molekiil ist 7etra-Phenyl-Porphyrin. Auf Au(111) kann es zwei verschiedene Zusténde
annehmen, die sich in ihrer scheinbaren Hohe auf RTM Bildern unterscheiden. Ihre Tunnelspektren,
die Auskunft iiber die elektronische Struktur in der Ndhe der Fermienergie geben, sind sehr dhnlich,
aber in ihrer energetischen Position gegeneinander verschoben. Reversibles Schalten zwischen diesen
beiden Zustdnden ist moglich und der Schaltprozess kann bei Raumtemperatur thermisch oder bei
tiefen Temperaturen von ungefihr 5 K durch Spannungspulse, die mit der RTM Spitze angelegt werden,
induziert werden.

Durch Analyse des Schaltverhaltens bei Raumtemperatur, Manipulationsexperimente bei tiefen
Temperaturen und Vergleich mit Berechnungen der Dichtefunktionaltheorie konnte gezeigt werden,
dass in beiden Zustdnden der zentrale Porphyrinring in einer sattelformigen Konformation vorliegt,
unter den hell erscheinenden Molekiilen allerdings ein zusétzliches Goldadatom vorhanden ist. Dieses
Adatom ist fiir den veridnderten Bildkontrast sowie die Verschiebung der Spektren verantwortlich.

Der Schaltprozess wurde bei Raumtemperatur durch wiederholte Abbildung der selben Probenstelle
untersucht. Durch die statistische Analyse einer solchen Bildserie konnen Informationen iiber korre-
lierte Prozesse in den Molekiilen gewonnen werden, was nur aus Einzelbildern nicht moglich ist. So
konnte der Transfer des hellen Zustandes eines Molekiils auf ein Nachbarmolekiil beobachtet werden,
der durch den Transfer des darunterliegenden Adatoms zustande kommt, sowie zeitlich korrelierte
Schaltereignisse, bei denen eine groflere Anzahl von Molekiilen gleichzeitig schaltet.

Um den Einfluss der Bindung zwischen den Molekiilen auf das Schaltverhalten zu untersuchen
wurden die Resultate aus dicht gepackten Inseln mit denen von kovalent gebundenen Dimeren vergli-
chen. Beide Seiten eines solchen Dimers konnen auch weiterhin die zwei Zustinde annehmen und
der Schaltprozess ist dem der Monomere sehr dhnlich. Es konnte keine ,,Kommunikation* zwischen
den beiden Seiten eines Dimers nachgewiesen werden, die Schaltprozesse der beiden Seiten sind also
unabhingig.

Die zweite Gruppe untersuchter Molekiile sind sogenannte Nano-Autos. Sie enthalten vier Réder,
kugelformige, molekulare Gruppen die, wenn sie auf der Oberfliche rollen, die Bewegung des Nano-
Autos auf eine Dimension auf der Oberflache beschrinken und damit die Bewegungsrichtung vorgeben
konnten. Auflerdem enthalten sie einen molekularen Motor, der im Prinzip dazu in der Lage sein sollte,
Licht und Warmeenergie in Rotation umzuwandeln und damit das Nano-Auto vorwirts zu bewegen.

Die erste Version der Nano-Autos war mit p-Carboran Radern ausgestattet und konnte erfolgreich auf
Gold-, Silber- und Kupferoberflichen adsorbiert werden. Weder durch Anregung mit Licht noch durch
mit der RTM Spitze angelegte Spannungspulse konnte der Motor in Rotation versetzt werden. Der
Vergleich von RTM Bilder desselben Molekiils vor und nach der Beleuchtung zeigte keine gerichtete
Bewegung und keine Anderung im Erscheinungsbild des Motors.

Weil vermutet wurde, dass die p-Carboran Réder zu stark an das Metallsubstrat binden und dadurch
die Drehung des Motors verhindert wird, wurden sie in der Hoffnung dadurch die Funktionalitét der
Molekiile auf der Oberfliche wiederherzustellen, durch Adamantan Gruppen ersetzt. Allerdings konnte
auch in dieser zweiten Version der Nano-Autos keine Rotation des Motors durch Beleuchtung oder
spitzeninduzierte Spannungspulse angeregt werden.



Abstract

In this thesis, two classes of functional molecules were studied with a scanning tunneling microscope
(STM) on metal surfaces.

The first molecule is fetra-phenyl-porphyrin (TPP). On Au(111) it adopts two distinct states, which
differ in their apparent height in STM images. Their tunneling spectra, which reflect their local
electronic structure around the Fermi energy, are similar but shifted in energy with respect to each other.
Reversible switching is possible between these two states and the switching process can be activated
thermally at room temperature or with voltage pulses from the STM tip at low temperatures of about
5K.

By analyzing the switching behavior at room temperature, manipulation experiments at low temper-
ature and comparison with density functional theory (DFT) calculations, it could be shown that for
both molecular states, the porphyin molecule is in a saddle shape conformation, but that underneath the
bright state a gold adatom is present. This adatom causes the changed STM contrast and the spectral
shift.

The switching process at room temperature was investigated by imaging the same sample area
repeatedly. From the statistical analysis of such an image series, information about correlated processes
in the molecular layer can be extracted, which is not possible from single images. A hopping of the
bright molecular state could be observed, corresponding to a hopping of the adatom underneath, as
well as time correlated switching events, where many molecules switch simultaneously.

To assess the influence of the intermolecular bonding, the results from close-packed islands were
compared to covalently bonded dimers of TPP molecules. It was found that either side of the dimers is
still capable of adopting the two states and that the switching process is very similar to the one of the
monomers. No “communication” between the two sides of the dimer could be found in terms of their
switching properties.

The second class of studied molecules are so-called nanocars. They contain four wheels, spherical
molecular groups which, when rolling on the surface, could restrict the movement of the car to one
dimension on the surface, giving a directionality to the motion of the car. Furthermore, they contain
a molecular motor, which is in principle capable of transforming light and thermal energy into a
unidirectional rotation and could drive the car forward.

The first version of the car was equipped with p-carborane wheels and was successfully deposited
on various coinage metal surfaces. It was not possible to activate the rotation of the motor with light
nor with voltage pulses from the STM tip. Comparing STM images of the same molecule before and
after the illumination did not show any directed motion or change in the appearance of the motor.

As it was suspected that the p-carborane wheels bind too strongly to the metal surfaces and thereby
quench the rotation of the motor, they were replaced by adamantane wheels in the second version of
the car, in the hope that different wheels might make it work. However, also in this second version, the
molecular motor could not be activated by illumination or voltage pulses applied with the STM tip.
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Introduction

In biological systems, functional molecules play an important role in many areas. Hemoglobin for
example transports oxygen from the lungs through the bloodstream to the cells that need the oxygen
for performing their specific task in the body [[1]. Hemoglobin has four oxygen binding sites, which
are coupled together in a cooperative fashion [2]]: As soon as one of these binding sites accepts a single
oxygen molecule, the other three can bind oxygen much easier than the first one. This communication
between the different binding sites is quite remarkable, as they are several nm away from each other
within the hemoglobin molecule and communication on this length scale is not easily achievable. It has
been found that as soon as the first oxygen molecule is bound, the structure of the whole hemoglobin
molecule changes to a more open form, in which oxygen molecules can enter the binding sites easier
due to geometrically opened pathways [1]]. As explained in chapter #.2} this cooperative effect is crucial
for the oxygen transport.

There are several examples of molecular machines which convert externally provided energy into
action [3]]. One of them is myosin V, which is used to transport cargo inside cells by moving it along
an actin filament [4}, 5]]. It has two groups, which can reversibly bind to the filament. In the presence
of adenosine-5’-triphosphate (ATP), which serves as the energy carrier inside the cells, one of these
groups detaches from the filament, moves around the other group and binds to the filament again.
When this process is repeated, the myosin molecule travels along the filament with a strong directional
preference. This motion closely resembles the walking of humans. The complexity of this process is
enormous. First of all, there needs to be a communication between the two “legs” such that only one at
the time detaches from the filament, which is again a cooperative effect. If this was not the case and
both “legs” were detaching simultaneously, the myosin would detach from the filament. Second, the
directionality has to be achieved by a sophisticated design of the involved components.

In the two examples given above, cooperativity is important for their functionality. As described
in [2], cooperativity is present when a system, containing several subunits, behaves differently as
expected for the individual subunits alone. There is positive and negative cooperativity. A system is
positively cooperative if the subunits are preferentially found in the same state. This is the case for
the hemoglobin, where either zero or four oxygen molecules are bound, but almost no intermediate
states can be observed. In the opposite case, when the subunits preferentially are in a different state,
the system is negatively cooperative, as in the case of the myosin V, where only one binding group can
detach from the filament at the same time.

Due to their importance in biological systems, the study and the understanding of cooperative
processes is of great interest. Furthermore, when designing synthetic functional molecules, for example
for the use in medicine, nanotechnology [6] or molecular electronics [[7], a good understanding and
control of cooperativity can be of great help for achieving the desired functionality.

The experimental method which is employed is the STM. It images conducting surfaces in real-space
by scanning a very sharp tip across it in a distance of several A only, which permits electron tunneling
between tip and sample (chapter [T)). With this microscopy technique, a very high lateral resolution can
be achieved, down to resolving individual surface atoms. Molecular adsorbates can, depending on their
adsorption geometry, be imaged with intramolecular resolution. Unlike the traditional experimental
techniques of surface science based on scattering experiments, the STM does not average over larger
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surface areas. This means that within the presented measurements, every single molecule on the surface
can be resolved and studied in dependence on its atomic-scale environment, which is particularly
important for the study of cooperative interactions.

This thesis consists of two experimental parts, one dealing with cooperativity in a system of molecular

switches, the other with molecular machines:

10

* In chapter [ derivatives of retra-phenyl-porphyrin molecules are investigated on Au(111). It is

known from the literature that similar molecules are capable of adopting different conformations
on surfaces [18,|9] and that it is possible to switch them reversibly between these states. If such a
switching process can also be observed in close-packed islands on Au(111), it would be inter-
esting to investigate whether there is a cooperative interaction between neighboring molecules
and, if present, what the mechanism behind this cooperative process could be. The Au(111)
surface is promising in this context because it has been shown [10] that the intermolecular
interaction between the porphyrins can be changed from close-packed to covalently bonded
and consequently, a potential cooperative effect could also be investigated as a function of the
bonding mechanism.

In chapter[5] a synthetic molecular machine, a so-called nanocar [[11]] is investigated on various
surfaces. It consists of four wheels, which could roll over the surface, restricting the motion of
the car to one dimension on the surface and a molecular motor, which needs light and thermal
energy to perform a unidirectional rotation and could drive the car forward. If the motor can be
activated on the surface (as in [12]) it would be interesting to know whether its rotation leads to
directed motion of the car and how the exact excitation mechanism works. If the motor cannot
be activated, it would be necessary to understand the reason for the quenching of its functionality
and how to overcome it in future versions of the molecule.



Part |I.

Physical background and
experimental methods
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1. Physics of the tunneling effect

Classical
Mechanics

gl
farnin,

Quantum
W Mechanics

Figure 1.1.: Difference between classical and quantum mechanics. Quantum mechanics permits tun-
neling through a potential barrier even if the tunneling particle has not enough energy to
overcome it. Reprinted with permission from [[13]]. Copyright 1984, Taylor & Francis.

The main experimental method used in this thesis is scanning tunneling microscopy (STM), which
is a technique for imaging conducting surfaces and its adsorbates with atomic resolution. The method
was invented 1982 by Gerd Binnig and Heinrich Rohrer at the IBM research labs in Switzerland [[14].
It was the first method capable of atomic resolution on flat surfaces in real space and only shortly
after, 1986, the two inventors were awarded the Nobel prize in physics together with Ernst Ruska, the
inventor of the electron microscope.

STM relies on scanning an atomically sharp metal tip across the surface in a very short distance
of typically less than 1 nm, which enables tunneling of electrons from the tip to the sample and vice
versa. By applying a bias voltage between tip and sample, a net tunneling current is created, which
strongly depends on the distance between them. In the most common mode of operation, constant
current imaging, this tunneling current is kept constant by adjusting the tip sample distance. Recording
the tip height as a function of the lateral tip position yields a map of the surface. It is important to
note that the recorded height contains contributions of both, the real height of the surface and the local
electronic structure of tip and surface.

In this chapter, the physical background of the tunneling process is described, in chapter [2] follows
a detailed description of how the measurements are performed and the experimental realization is
presented in chapter 3]

13



1. Physics of the tunneling effect

1.1. One-dimensional tunneling

> <

> X

0 1

Figure 1.2.: Potential barrier extending from x = 0 to x =/ where it has the value V. For the other
regions of x, it has the value zero. Adopted from [[15]]

In many quantum mechanics text books [[15]], one of the first examples of the difference between
classical and quantum mechanics is the tunneling effect (Fig. [I.T)). If a particle approaches a potential
barrier (Fig. [1.2)) which is higher than its energy, classical mechanics would expect it to be repelled by
the barrier, i.e. there is a zero probability for the presence of the particle behind the barrier. However,
in quantum mechanics, this is not necessarily the case.

To understand this, it is necessary to look at the one-dimensional time-independent Schrodinger
equation for a constant potential V:

d? 2m

W‘P(X)‘i'?(E—V)‘P(X):O (1.1)
which needs to be solved for ¢(x). The potential barrier is created of several regions with a constant
potential V and the particle energy E is larger than V before and after the barrier, but smaller than V
in the barrier. In the first step, the Schrodinger equation (I.1]) needs to be solved for these two cases
separately. For E >V, the general solution is:

. . 2m(E -V
o(x) =Ae®™ 4 Ale™™  with k= m(h) (1.2)
and for the opposite case (E < V):
2m(V —E
@(x) =BeP*+Be™P* with p= m(h) (1.3)

Both of these solution can be verified by simply inserting them into equation [I.1]

When the particle energy is higher than the potential energy (equation [I.2)), its wavefunction has
oscillatory behavior with a constant probability density (|@(x)|* = const). In the opposite case (equation
[1.3), the wavefunction shows an exponential decay.

14



1.2. Bardeen’s approach

To obtain the full solution for the potential barrier (Fig. [I.2)), where V) > E > 0, it needs to be
defined piecewise for the three domains A, B and C:

ea(x) = A LAl ™ (1.4)
Pp(x) = AgeP"+Ahe P (1.5)
oc(x) = Aze™ ALe ™ (1.6)

The particle is coming from the left (region A) and can either be reflected by the barrier or tunnel to
region C, which would classically be forbidden. As in C after passing the barrier, the particle can only
travel to the right, A} = 0. At the boundaries between the three regions the total wavefunction and its
first derivative need to be continuous, yielding four conditions for solving the prefactors. However, this
is one too few as in total five prefactors need to be determined. The last prefactor is responsible for the
normalization, which is impossible to do for infinitely extended plane waves. Therefore, one of the
prefactors stays indetermined and only ratios of the prefactors can be evaluated in the following.

From the ratio between A; and A3, the transmission probability between region A and C can be
calculated [[15]]:

> 4E(Vy—E) 17
4E (Vo — E) + V@ sinh? Y200-E)!

T =22
Ay

If p/ > 1, which can either occur when the barrier is sufficiently long or the barrier is sufficiently high,
the transmission probability 7' can be approximated by

T ~ m‘f;_E)eZPl. (1.8)
0

From this equation it is apparent that the tunneling probability depends exponentially on the width / of

the barrier.

In the STM geometry, a metallic tip is in close vicinity to a conducting sample. These two conducting
regions correspond to the regions A and C in Fig. In both of them, the conduction electrons at the
Fermi level can be regarded as free electrons in a first approximation. In the vacuum region between
them, the potential is by the work function ® higher than the Fermi level in the metals and therefore
presents a barrier for the tunneling electrons. Tunneling can happen in both directions, from the tip to
the sample and vice versa, but when applying an external voltage between them, the tunneling current
is biased to either direction and can be measured experimentally. The exponential dependence of the
tunneling current between tip and sample in the setup described above was first observed by Binnig
and Rohrer [16] who performed this experiment as a preparation for the construction of the first STM.

For a metal with a work function of & = Vy — E =4 €V, the scale parameter is p ~ 1 A~!. This
small decay length together with the exponential dependence of the tunnel current on the tip sample
distance [ is responsible or the extremely high lateral resolution of the STM.

1.2. Bardeen’s approach

Long before it was experimentally feasible to observe tunneling between tip and sample, tunneling
phenomena have been studied between layers of conducting materials, separated by a thin insulating
layer [17, [18]]. For this setup, Bardeen has developed a theoretical description in 1961 [19].

Because solving the Schrodinger equation for the full system was too complicated, he considered
the independent solutions for both electrodes, vy, and y,, (which contain the full time dependence,

15



1. Physics of the tunneling effect

in contrast to the ¢ from chapter 1.1 which only depends on the space coordinates), and derived in a
time-dependent perturbation theory approach the tunneling current between them [20]:

1= 220 (P 1~ F(Ey+ V)] — F(Ey +e) [| — ()]} M 8B, —E2) 019
w,v

where f is the Fermi distribution, U the bias voltage applied between the electrodes and My, are the
tunneling matrix elements, which can be calculated from:

—K?
My =5 [ 48 (WiVye — wVy;) (1.10)

The integration has to be performed over a region between the two electrodes. A detailed derivation of
these formulas can be found in [21]].

1.3. Tunneling in the STM geometry

T,
7%

Figure 1.3.: Tunnel junction with a spherical tip apex as in the approximation by Tersoff and Hamann.
Reprinted figure with permission from [22]]. Copyright 1983 by the /American Physical
Society. Readers may view, browse, and/or download material for temporary copying
purposes only, provided these uses are for noncommercial personal purposes. Except as
provided by law, this material may not be further reproduced, distributed, transmitted,
modified, adapted, performed, displayed, published, or sold in whole or part, without prior
written permission from the American Physical Society.

Bardeen’s calculations, which are of a very general nature and do not make any assumptions about
the electrodes besides that they are conducting, have been adopted by Tersoff and Hamann to the
geometry of the STM junction (Fig. [I.3)) [22] 23]. They assumed the wave function within the sample
to be a Bloch function (as in periodic crystals):

%:Q;%ZQG.(W«@I'(%@N (1.11)
G

with Q; the sample volume, k = +/2m® /% and ® is the work function. The tip is assumed to be locally
spherical at the apex and is therefore approximated by a spherical s-wave function:
—k[F=7p|

_1 e
V=9 % ¢ k R &R

—_ 1.12
K7l (12
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1.3. Tunneling in the STM geometry

with Q, the tip volume, k as in equation|l.11]and R is the tip radius at the apex.
Now the tunneling matrix elements can be calculated using equation[I.10}

n* -4
Myy = 4wk O kR ey (7) (1.13)

and by inserting them in equation|[I.9] the tunneling current is obtained. In the limit of low temperatures
and small bias voltages U, this can be further simplified to:

1=322 1" PUP D (Ep )Rk *e* R Y |y (7)|> S (Ev — EF) (1.14)
v

where D, (EF) is the local density of states of the tip at the Fermi level. The last term in this equation,
the sum over all states of the surface at the Fermi level is just the density of states of the sample at the
center of the tip. It yields again the exponential dependence of the tunnel current on the tip sample
distance as the surface wave functions (equation decay exponentially in the vacuum region.
Furthermore the tunneling current depends linearly on the applied bias voltage U (in the approximation
of small voltages).

Usually STM images are recorded in constant-current mode, where the tunneling current is kept
constant by adjusting the tip height and the bias voltage is also constant. As can be seen in equation
[I.14] the only term which shows lateral variability is the sum over the surface wave functions. Therefore,
in constant-current mode, the STM tip follows the surface of constant local density of states which
contains both, a contribution from the electronic surface structure, but also from the geometric surface
height.

Although the atomic-scale structure of the STM tip is generally unknown, this Tersoff-Hamann
approximation can very successfully be applied for calculating STM images for known surface
structures [24], yielding calculated STM images, which are very similar to the measured ones. This
shows that the approximation of a spherical tip is a reasonable choice.

Recently it has been demonstrated, that when the tip is functionalized with a CO molecule [25],
the STM image is not only a result of the s-wave at the tip, but that also tunneling through molecular
p-orbitals has to be taken into consideration.

17



2.

Scanning Tunneling Microscopy

After having understood the tunneling effect from a quantum mechanical point of view (chapter [I)), this
chapter is dedicated to to the working principle of the scanning tunneling microscope (STM).

The STM can be used for imaging of conducting surfaces and thin adsorbates, but furthermore it can
also be used to manipulate the surface with the tip and to gain spectroscopic information with atomic
resolution.

2.1. Imaging

The STM is mainly a microscope technique capable of producing images of conducting surfaces with
atomic resolution. This is done by scanning an atomically sharp metal tip across the surface. Images
can be acquired in two modes (Fig. [2.1)), constant-current or constant-height imaging, which will be
presented in the following.

18

* In constant-current mode, a fixed bias voltage is applied between tip and sample and while

scanning, the tunneling current is detected by an external preamplifier. The STM electronics
adjusts the tip height such that the tunneling current stays constant at all times during the scanning
process. Recording the tip height as a function of the lateral tip position yields a topographic
map of the surface, but as was demonstrated in chapter|[I.3] the tip follows the surface of constant
density of states, which contains contributions from the geometric surface height but also from
its electronic structure.

All STM images presented in this thesis were recorded in constant-current mode.

In constant-height mode, the tip is scanned in a plane parallel to the surface, applying a fixed bias
voltage. The tunneling current is recorded as a function of the lateral tip position and constitutes
the resulting image.

This mode has the advantage over constant current imaging that the tip height does not need to
change and therefore images can be acquired with higher speed (in the absence of a feedback
loop). Additionally, images can be recorded at greater tip heights compared to constant current,
because at greater distances the tunnel current is smaller, sometimes so small that the noise on
the current measurement would prohibit a defined regulation of the z-height in constant-current
mode.

But also disadvantages exist: Constant-height measurements are very susceptible to small
misalignments between sample and scan piezo, which need to be corrected before starting
the measurements. Furthermore, if unexpected high surface structures are encountered during
scanning, the tip crashes into them when the scanning height is lower than the height of the
structure. Therefore it is usually necessary that before starting a constant-height measurement,
the surface is first scanned in constant-current mode for measuring and correcting the sample tilt,
checking the roughness of the surface and choosing the tip height accordingly.



2.1. Imaging
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Figure 2.1.: Scanning modes of the STM. In (a) the constant current mode is shown, the tunneling
current is kept constant and the tip follows the contour of the surface, (b) shows the constant
height mode where the tip height is fixed and the information about the topography is
reflected in the current signal.

If the surface is purely metallic and consists of only one material, following a surface of constant
density of states is more or less equivalent to following the surface topography. If adsorbates are present,
due to their particular electronic structure, the recorded constant-current image does not necessarily
agree with the topography. An example can be found in Fig. [2.2] (a) shows a sketch of the adsorption
of CO on Cu(111) which clearly shows that the CO molecules are higher than the surface atoms. In the
upper panel of (b), CO and O, molecules are imaged with a metallic tip and although they are higher
than the substrate atoms, they appear as depressions in the STM image.

Additionally, the contrast in STM images depends on the tip condition. In the lower panel of Fig.
[2.2](b), the same surface area is imaged but this time with a CO terminated tip. This termination was
achieved by picking up the CO molecule, which is marked in the upper panel with a white arrow and is
consequently missing in the lower image. The other CO molecules now appear as protrusions, whereas
the one O, molecules still appears as a depression (black arrow), making it possible to differentiate
between the chemical species on the surface. This demonstrates what implications the imaging of the
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2. Scanning Tunneling Microscopy
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Figure 2.2.: Chemical contrast in STM imaging and dependence on the tip condition. (a) shows a
sketch of the adsorption geometry of CO on Cu(111) and its transfer to the STM tip. In
(b) CO and O, (black arrow) molecules are imaged on Cu(111). In the upper panel, a
metallic tip was used, in the lower panel, the CO molecule indicated in a with the white
arrow was transferred to the tip apex. Reprinted with permission from [26]. Copyright
1997, American Institute of Physics.

constant density of state has and how crucially the images depend on the tip condition [26]].

2.2. Spectroscopy

Another strength of the STM is that it can be used to gain local spectroscopic information. To understand
this, one needs to look at the tunneling current as resulting from the Tersoff-Hamann approach (chapter
[T-3)) but without the approximation of small voltages U [20]:

elU
I / n(£eUF€)-ny(e) - T(e,eU)de @.1)
0

where n; and n, are the local densities of states of sample and tip, respectively and 7' (€,eU) is the
transmission coefficient given by:

T(S,eU):exp{—Z(d-l-R)\/il—T ((Dt—;q)s—k%—e)} (2.2)

with @, and &, the work functions of tip and sample, respectively and d and R as in Fig. [T.3]
Under the assumption that the tip is purely metallic, a constant density of tip states is expected close
to the Fermi level:

dn[
— =0 2.3
aU (2.3)
Calculating the derivative of equation [2.1) with respect to U using assumption [2.3|one obtains:
dl el dT (e,eU
S (U) < en (0)ny(eU)T (eU, eU) + / n(eU F €)ny(€) - —(dlf Jge 2.4)
0

The property dI/dU can be measured directly by using a lock-in amplifier, which modulates the
bias voltage with a small sinusoidal oscillation and records the current change as a function of the
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Figure 2.3.: Energy scheme of the tip and sample. In (a) both metals are so far apart that they have
no influence on each other, the vacuum levels align. If they are close but not touching
(b), electrons can tunnel between the two, aligning the two Fermi levels. When a positive
sample bias is applied (c), electrons tunnel from the tip to the sample, and for a negative
sample bias (d), the electrons tunnel in the opposite direction. Republished with permission
of Annual Reviews, from [27]]; permission conveyed through Copyright Clearance Center,
Inc.

bias voltage. As 7' (equation [2.2) is monotonic and smooth [20], the dI/dU signal from equation 2.4]
is dominated by n; of the first term, the second term only results in a smooth background. With this
method, the density of states of the sample at the tip position can be investigated. When the applied
sample bias voltage is negative, the occupied states of the sample are probed, at positive bias the
unoccupied ones (Fig. [2.3).

However, it is important to keep in mind that assumption is crucial. If the tip has a density
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2. Scanning Tunneling Microscopy

of states showing distinct features, the dI/dU signal is not roughly proportional to n; any more, but
rather shows a convolution of n; with n,. In the experiments, this situation can easily occur when a non
metallic atom or a molecule is adsorbed at the tip apex. Special care has therefore to be taken to ensure
the metallicity of the tip when performing spectroscopic measurements, for example via the visibility
of the characteristic surface state on (111) surfaces of noble metals [28, 29].

2.3. Manipulation

tip >

manipulated atom

)x

Figure 2.4.: Lateral manipulation in constant current mode, from the z signal during manipulation, the
different modes can be distinguished, (a): pushing, (b): pulling, (c): sliding [30].

What makes the STM so fascinating is that it is not only an imaging and spectroscopy technique, but
the tip can also be used for manipulating single atoms and molecules with atomic scale position.

When the tip approaches an adsorbate on the surfaces, short range forces start acting between them,
which can lead to a lateral displacement of the adsorbate. It was shown in [31]], that the threshold for a
successful manipulation attempt depends on the tip — adsorbate distance only. In the considered case,
an attractive force was observed at distance of (1.3 +0.2) A, where an overlap between the electronic
states of tip and adsorbate probably leads to a chemical attraction. When such a chemical attraction
is not possible due to the particular electronic structures, Pauli repulsion will set in at even smaller
distances, leading to a repulsive force. These forces can be exploited for lateral tip manipulation.

Surface modifications can already occur during scanning, when the bias voltage was chosen too low
or the tunneling current was chosen too high, such that the tip is in close proximity to the sample. The
first intentional surface modification was reported in [32], where germanium atoms are re-deposited
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2.3. Manipulation

from the tip onto a Ge surface. Some years later, Eigler et al. [33]] showed that they could move Xe
atoms on a Ni surface at 4 K to any position, allowing them to build up nanostructures of their choice.
For demonstration purposes, the built up the letters IBM with Xe atoms. Even a rolling motion of
molecules could be induced by the tip [34]].

But not only the lateral position of adsorbates can be changed with the STM tip, also internal changes
can be induced in them. Single Au atoms can be charged and discharged [35]], several molecular
switches can be switched between two states [36, 37,138, 139] and O, molecules could successfully be
dissociated [40]. It was even possible to induce all steps of a chemical reaction on a surface [41].

There are two basic modes of manipulation [42]: Lateral manipulation where the moved object
never loses the contact to the surface and vertical manipulation, where the object is picked up by the
tip and released in the desired position.

The mechanism of the lateral manipulation were investigated by Bartels et al. [30], who could
identify the modes pushing, pulling and sliding by their characteristic height signals during constant
current manipulation (Fig. [2.4). In the pushing mode, there is a repulsive interaction between tip
and adsorbate. When the tip approaches the adsorbate, it needs to retract because a higher current is
detected close to it. When it comes too close, the atom jumps to the next lattice site, leading to an
abrupt jump in the tip height. In the pulling mode, the interaction is attractive and the atom follows
the tip. First the tip moves down the slope of the atom, but at some point it will follow, leading to a
sudden retraction of the tip. Finally, in the sliding mode, the tip stays above the atom and both move
together across the surface, the tip height reflects the surface corrugation. The manipulation signal is in
many cases a great help in determining what is happening during the manipulation. For example in
[34]], the rolling of the molecule could be proven by the manipulation signal which does not show the
lattice periodicity, which would be expected to be seen if a hopping motion occurred. It is important to
note that lateral manipulation can also be done in constant-height mode, which has the advantage over
constant-current manipulation that much higher forces can be applied [43] 144]].

Vertical manipulation works as presented in Fig. [2.2](a), the tip is positioned above one molecule
which is then picked up by applying a voltage pulse. The tip is moved to a different position where the
molecule can be returned to the surface by applying another voltage pulse [43] 26, 46]. The mechanism
works as follows [47,148]: The molecule is located in its potential minimum at the surface. However, it
could also bind to the tip and when the tip is located above it, a second potential minimum is present
for the adsorption at the tip. These minima are separated by a barrier, which prevents the molecule
from binding to the tip directly. By applying an electric field, the barrier height and the relative depths
of the minima can be changed, such that one of the minima is clearly preferred and the molecule will
then be found in this minimum with a high probability. Changing the polarity of the electric field will,
however, invert the situation and the molecule will then preferentially be found in the other minimum,
making the tip - surface transfer of a molecule a reversible process.
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Figure 3.1.: Schematic setup of an STM. The tip is moved across the sample using a piezo element.
The tunneling current is amplified, passed to the feedback electronics which adjusts the tip
height such that the tunneling current stays constant at all times. The tip height is sent to
the measurement computer, where it is displayed as a function of the lateral tip position to
form the STM image. Reprinted from [49] (Copyright Springer-Verlag Berlin Heidelberg
2010) with kind permission from Springer Science and Business Media.

In the present chapter the experimental methods employed in this thesis are described. The principle
setup of an STM is shown in Fig. 3.1} The measurement computer generates the X and Y voltages,
which move the tip across the surface via a piezo element. The resulting tunneling current is measured
and the feedback electronic adjusts the tip height such that the current stays constant. The STM image
is formed in the measurement computer by displaying the tip height as a function of the lateral tip
position.

The following chapters discuss at first the setup of the low temperature STM (chapter [3.1)) and the
variable temperature STM (chapter [3.2)), followed by the preparation of clean metal surfaces (chapter
[3.3) and the deposition of the molecules (chapter [3.4)). This is followed by a detailed description of the
laser systems used for illuminating the samples (chapter [3.5)) and the statistical evaluation methods

(chapter [3.6).
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3.1. Omicron low temperature STM

Figure 3.2.: Omicron low temperature STM. (a) overview image of the UHV chamber. 1: Helium
cryostat, 2: STM chamber, 3: preparation chamber, 4: helium cooled manipulator, 5:
sputter gun, 6: STM evaporator. (b) shows the STM itself without the radiation shields. 1:
Sample reception, 2: scan piezo, 3: tip, 4: lower end of the cryostat, 5: suspension springs
inside a metal tube, 6: eddy current damping.

3.1. Omicron low temperature STM

All the low temperature (5 K) measurements of this thesis were acquired with the low temperature
STM presented in Fig. [3.2] It was purchased at Omicron.

Its ultra-high-vacuum (UHV) chamber has two parts which are separated by a gate valve: the STM
chamber where the STM itself is located and the preparation chamber which is used for preparing
the sample. This separation in two parts is necessary because, as will be demonstrated in chapter [3.3]
relatively high pressures (=2 1076 mbar) are needed for cleaning the metal substrates. These high gas
loads would, if in contact with the helium cooled STM, lead to high condensation on the STM and the
cryostat. Both chambers are equipped with ion gauges, ion getter as well as with titanium sublimation
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3. Experimental details

pumps. At the preparation chamber all sorts of tools for sample preparation are attached:
* A turbo molecular pump for pumping down the whole system or parts of it and for sputtering.

* A liquid helium cooled manipulator which holds the sample during all steps of the preparation and
is used to transfer the sample to the STM chamber. It has a heating station in which the sample
can be heated to more than 600°C with a heating element behind the sample. Semiconductors
can be annealed by applying a direct current to the sample. Furthermore there is a cooling station
in which the sample can be cooled down to ~ 15 K using liquid helium.

* A sputter gun for cleaning metal substrates (see chapter [3.3).

* A quadrupole mass spectrometer (QMS) for analyzing the rest gas in the chamber, leak testing
and thermal desorption spectroscopy (TDS).

* A molecule evaporator (Kentax) which has three independent quartz crucibles and can be cooled
using water or liquid nitrogen.

* A quartz micro balance for measuring the evaporation rate of molecules coming from the
evaporator (see chapter [3.4).

* A load lock for introducing samples or STM tips into the chamber without breaking the vacuum
inside.

* A UHV screwdriver to fix the sample to the cooling station of the manipulator in order to increase
the thermal contact.

In the STM chamber there is the STM itself, a wobble stick for transferring the sample in and out of
the STM, an additional molecule evaporator which can evaporate molecules directly into the cold STM
and a dosing system for liquids with a high vapor pressure.

The STM is hanging below a bath cryostat filled with liquid helium (4.2 K) and is surrounded by a
radiation shield which is also at liquid helium temperature. The helium reservoir is surrounded by a
reservoir of liquid nitrogen (77 K) for thermal isolation and at the lower end there is another radiation
shield at liquid nitrogen temperature surrounding the STM. For cooling down the STM, it can be
pressed against the cryostat to establish a good thermal contact between the two. While the STM is
not pressed against the cryostat, it is hanging below it held by three springs in order to decouple it
mechanically from the cryostat and the rest of the chamber. However, the STM temperature can be
raised using a heater element on the STM and an external temperature controller (Fig. 4.6). When the
inner cryostat is filled with liquid helium, the temperature can be raised up to ~ 90 K, when it is filled
with liquid nitrogen up to ~ 150 K.

The STM temperature is measured using a Si diode through which an electric current of 10 mA
is passed. The necessary voltage depends on the temperature of the diode and can be looked up in
calibration tables or is directly converted to a temperature by the attached temperature controller.

Vibration damping is achieved on two stages: First the whole UHV system rests on pneumatic feet
which decouple the chamber from the vibrations of the floor and second, the STM head is decoupled
from the rest of the chamber and the cryostat by suspending it on three springs and damping its
movement by an eddy current damping.

It is important to note that in this system the sample is held on the ground potential and the bias
voltage is applied to the STM tip. Therefore, all images taken with this STM show Uy, in the figure
caption which is the tip voltage with respect to the sample.
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3.2. Arhus variable temperature STM (Specs)

The STM is controlled by a Nanonis control electronics, which provides the high voltage signals for
the piezo elements, reads the tunneling current and contains the feedback loop for regulating the tip
height. Its software displays and saves the recorded images, controls the spectroscopy and manipulation
experiments and is easily extendable with self-written LabView scripts.

It is possible to illuminate the sample while it is inside the STM using a laser. UHV windows and
openings in the radiation shields are present at the right position to allow a laser beam coming from
outside to hit the sample at an angle of 65° from the surface normal and the reflected light to leave the
UHV system again. It is possible to retract the tip for the time of illumination by several mm out of the
laser beam and to reapproach it to the surface with a lateral shift of less than 100 nm such that the same
sample position as before the illumination can be retrieved, allowing a direct before-after comparison
of one and the same molecule.

3.2. Arhus variable temperature STM (Specs)

The room temperature results of the chapters and were obtained using two Arhus variable
temperature (VT) STMs, produced by the company Specs (Fig. [3.3)). The respective UHV chambers
contain more or less the same equipment as the low temperature STM, but the manipulators are only
coolable with liquid nitrogen.

The biggest difference is the STM itself. It is designed to work in a temperature range between
120 K and 400 K. To ensure high temperature stability and thereby low thermal gradient across the
instrument, the compact scanner assembly is tightly attached to a 3 kg copper block which serves as a
heat reservoir. When the STM shall be operated at reduced temperatures, a cold finger can be pressed
against this copper block, which is then cooled with liquid nitrogen. When the temperature of the
copper block is below the desired temperature the cold finger is removed and an electric heating is used
to adjust the temperature to the requirements of the experiment. In the older version of this microscope,
there was no continuous cooling possible, therefore the temperature could never be stabilized at a fixed
value, it always drifted back to room temperature. In the newer version, continuous cooling is possible
even after the removal of the cold finger due to copper braids connecting the cold finger and the copper
block. Both versions were used within this thesis, but as the measurements were taken exclusively at
room temperature, this difference did not play a role.

During the measurement, the tip, scan piezo and coarse motor are always held at room tempera-
ture. This ensures that the same piezo constants can be used, regardless of the sample temperature.
Temperatures above room temperature can be achieved by electric heating of the copper block.

In this STM, however, the tip is kept on the ground potential and the bias voltage is applied to the
sample. Therefore, all images coming from this STM have a value for U,/ in the figure caption.

Due to the compact and very rigid design of the STM, not much vibration damping is needed. When
the cold finger is not attached, the STM including the copper block is hanging on springs, which are
slightly damped with viton bands parallel to them (Fig. [3.3](b)). No pneumatic feet nor eddy current
damping is needed.

Two different electronics were used to control the STM, the Nanonis electronics, which is comfortable
to use, has a very low noise level and “analog to digital” converter (ADC) with a very high resolution.
The only drawback is that it is relatively slow, it can record a scan line in about 30 ms at fastest. An
image with the dimensions of 256 x 256 pixel can be acquired in 13.2 s at the highest speed (forward
and backward scan). With the special electronics for this microscope from the company Specs, much
higher frame rates can be achieved (5 ms per scan line). With this electronics, images can be recorded
much faster than the noise level of the system permits, in practice, the fastest usable frame rates were
in the order of 8 s per image.
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Figure 3.3.: Specs Arhus variable temperature STM. (a) overview image of the UHV chamber. 1: STM
flange, 2: STM chamber, 3: preparation chamber, 4: quadrupole mass spectrometer, 5:
manipulator, 6: turbo molecular pump, 7: molecule evaporator. (b) shows the STM itself.
1: tip, 2: sample reception, 3: spring, 4: viton band, 5: copper block.

3.3. Sample preparation

In this thesis metal surfaces are used as a substrate for the molecules. These can be bought as single
crystals, which are cut and polished in the desired crystallographic orientation with a precision of
< 0.1°. The most commonly used surfaces in this thesis are Au(111), Ag(111) and Cu(111), but also
Cu(110) was used. These three metals have a face-centered cubic crystal structure, but they differ in
their reactivities and catalytic activities [50, 51]]. Of these surfaces only Au(111) shows a reconstruction
[52]). This so-called herringbone reconstruction emerges because in the surface layer, 23 gold atoms
occupy the space of 22 bulk lattice sites. This lattice mismatch leads to parallel reconstruction lines
with a periodicity of 63 A

Especially when the crystals are newly bought, but also after they have been exposed to air or
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3.4. Molecule deposition

between different experiments, these surfaces have to be cleaned inside the UHV system in order
to remove all adsorbates. The standard method for cleaning noble metal samples is to sputter them
with Ar gas followed by annealing of the sample [49]]. This is done by leaking Ar gas in the chamber
until a pressure of about 5- 10~° mbar is reached. Inside the sputter gun, the Ar is ionized to Ar* and
accelerated with 1500 V towards the sample. Where the ions hit the sample, some material is removed,
leaving a rough surface behind [S3]]. In this thesis an ion current of about 4 (LA was directed at the
sample for 45 min.

After the sputtering, the surface needs to be annealed in order to make it flat again. For the used metals
typically annealing at 400°C to 500°C for 10 min was enough to obtain flat surfaces. By the increase
in temperature the surface atoms obtain the energy necessary to diffuse to their favorite adsorption site,
which is the flat surface because in this geometry the atoms have the highest coordination number.

However, especially in new crystals, impurities present in the bulk of the material also obtain the
energy to diffuse to the surface, from where they can only be removed by another round of sputtering.
Usually a new crystal needs up to 20 sputtering - annealing cycles until the bulk crystal is sufficiently
depleted of impurities such that clean single crystal surfaces can be observed in STM.

3.4. Molecule deposition

The molecules to be investigated usually come as a powder and have to be transferred to the clean sample
in the UHV system. The easiest way is to evaporate them from a so-called Knudsen cell, consisting of
a glass or metal crucible, in which the molecules are heated in vacuum to their sublimation temperature.
At this temperature, the molecules start to sublime out of the crucible in a rather unfocused beam, in
which the sample is positioned for deposition. This molecular beam as well as the molecules on the
surface are generally invisible to the human eye, due to the low numbers of molecules involved.

To control the coverage on the sample the deposition rate can be measured using a quartz crystal
micro balance, working as follows: A quartz crystal is excited to oscillate by an external electrical
signal and its eigenfrequency of about 6 MHz is measured by a frequency counter with a very high
precision (of 0.01 Hz). When molecules adsorb on the crystal, its mass increases and thereby the
eigenfrequency decreases, whereby the rate of the frequency change has a linear relationship with the
deposition rate of the molecules on the crystal. By multiplying the deposition rate with the deposition
time, the total coverage on the sample can be judged. However, it is important to keep in mind that
the observed frequency change depends on several parameters as the molecular weight, the size of the
quartz and its distance from the crucible. The coverage on the sample depends on the evaporation rate,
the distance between evaporator and surface and the area, a molecule occupies on the surface. Not all
of these parameters are known in advance and therefore it is impossible to dose precisely the desired
amount of molecules on the surface at the first attempt. The first evaporation is generally used to find
the relation between frequency change during the evaporation and coverage on the surface, which is
used in all following preparations to precisely attain the desired coverage.

The porphyrin molecules from chapter [ can be evaporated easily at temperatures between 230°C
and 270°C, leading to very clean preparations due to their high stability. If not stated otherwise, the
molecules were deposited at samples held at room temperature or slightly above (up to 50°C).

The nanocars from chapter[5] however, are much harder to get intact on the surface. Their evapo-
ration temperature lies between 270°C and 310°C, which is for these large molecules close to their
decomposition temperature. Consequently, the preparations are very dirty as many molecular fragments
adsorb on the sample as well and often it takes a long time to find intact nanocars at all. Furthermore,
the total amount of preparations from one crucible is rather limited, generally only three acceptable
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sample preparations could be achieved with one evaporator filling, after which the crucible had to be
cleaned and refilled with new molecules.

Also the thin NaCl layers from chapter[5.1.5| were evaporated onto the sample by the same method,
at a crucible temperature of about 510°C. When a submonolayer coverage of NaCl is evaporated on a
Cu(111) or Au(111) surface, it tends to build NaCl bilayers. Their shape strongly depends on the sample
temperature during deposition, when depositing on a sample at 0°C, highly structured, small islands
are found as observed in [44]. Depositing the same amount of NaCl at room temperature also leads to
bilayer islands, which can be so large that finding their border with STM can be a time-consuming task.
Therefore, NaCl was generally deposited in between these two temperature at around 10°C.

3.5. Laser systems

The molecules studied in chapter [5] are excitable with UV light in solution and within this thesis it
was tried whether this is also possible on a surface. Therefore, the sample with the molecules was
illuminated with UV lasers without taking the sample out of the STM. Viewports in the UHV chamber
and openings in the radiation shields of the STM are present, permitting the laser beam to enter the
STM, illuminate the sample and the reflected light to leave the UHV system (chapter [3.1)).

As the standard UHV windows are not transparent for UV light, the viewports where the light beam
enters and leaves the chamber had to be changed to CaF, windows, which have a high transmission
down to wavelength of A = 200 nm.

The molecules in chapter[5.1| were illuminated using an excimer laser PSX-100, from the company
Neweks. It was filled with KrF, which yields an output wavelength of A = 248 nm. This is a pulsed
laser with a repetition rate of 10 Hz to 100 Hz, a pulse duration of 5 ns and 5.5 mJ maximum pulse
energy. However, as the gas filling degrades over time, the output power drops. As there was no
powermeter available in the lab this drop could not be measured, but when a visual drop of the intensity
could be detected, the gas filling was renewed. The manufacturer states the typical life-time of the KrF
gas is 10° pulses. Dielectric mirrors, specially adopted to have a very high reflectivity (> 99.5 %) at
the wavelength of the laser, were used to direct the beam onto the sample.

The lasers used to illuminate the molecules in chapter[5.2] were FTSS355-Q2 and FQSS266-Q2, both
from the company CryLas. Both are Nd:YAG solid state lasers with a base wavelength of A = 1064 nm,
which are frequency tripled and frequency quadrupled to A = 355 nm and A = 266 nm, respectively
before the output. Both lasers have a pulse duration of 1 ns and the repetition rate can be adjusted to
up to 10 kHz. The energy of the individual pulses are 4.6 tJ and 1.1 pJ, respectively. As both lasers
were used in the same setup, the dielectric mirrors were replaced by Al coated mirrors, which have a
good reflectivity (=~ 90 %) in the whole UV range.

3.6. Statistical evaluation methods

In chapter[d.5] porphyrin molecules are studied at room temperature with the aim of identifying possible
cooperative interactions among neighboring molecules. Therefore, the same surface area was scanned
over and over again to study the evolution of the molecules in this specific case. The evaluation methods
and especially the statistical test applied to the resulting movies are explained in this section.

The recorded STM images were first opened in the software Gwyddion [54] for performing standard
image treatments like plane correction and calibration. The processed images were then loaded into a
self-written python program, containing all the procedures for correcting the thermal drift, extracting the
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apparent molecular height from the images, classifying the molecules as bright or dark and performing
the statistical evaluation. Its source code is provided with this thesis (appendix [A]).

3.6.1. Drift correction

Y [px]

Y [px]

X [px]

Figure 3.4.: Demonstration of the drift correction. (a) and (b) are two images out of a movie of BrsTPP
on Au(111) with the image parameters: 37.5 x 37.5 nm?, Usample = 0.884 V, 1 =0.14 nA,
T =300 K. (c) Cross correlation of (a) and (b), the maximum is marked by the arrow,
determining that the shift in x direction is 15 pixel and in y direction 6 pixel, corresponding
to 1.1 nm and 0.44 nm, respectively. (d) shows the average image of the full movie after
drift correction. The basis vectors of the lattice (multiplied by five for better visibility) are
shown as red arrows.

Due to small temperature gradients present in the STM setup, the position of the tip slowly drifts
over time because the piezo elements responsible for the tip positioning will slightly change their
length upon temperature change. This effect is usually very small (< 1 nm/hour) in low temperature
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STMs (5 K), where the whole STM is surrounded by radiation shields which limit the heat exchange
with the surroundings to a minimum. On the contrary, due to their more open construction, and the
desire to readily change temperatures in a variable temperature STM, the expected drift rates are larger
and need to be accounted for.

The drift manifests itself as a lateral shift between two subsequent STM images and a slight image
distortion. In all the recorded movies of sufficient quality for a detailed analysis, the distortion was so
small that it could be neglected, but the shift needs to be corrected for. When the two images A(x,y)
and B(x,y), which need to have the same physical and pixel dimensions (x € [0, Xq.[ and y € [0, Vinax|),
still have a considerable overlap, i.e. the drift between them was much less than the image dimensions,
the shift in x and y direction can be obtained by calculating the two dimensional cross correlation of
both images:

Xmax — 1 »Ymax — 1
(AxB)(x,y) = Z A Y)B(x+ X — ixXpmax, Y +Y — jVmax) (3.1)
x'=0,y'=0

with i and j chosen such that 0 < x +x" — ixar < Xpmar and 0 < y+ Y — jymar < Ymax- X and y' are the
summation indices. However, calculating the cross correlation in this form is very time consuming. A
much faster way is to exploit the speed of the fast Fourier transform algorithm:

(A*B)(x,y) = F ' (F*(A)F(B)) 3.2)

where .# is the Fourier transform and * stands for complex conjugation. If the two images are
sufficiently similar, the drift is given by the position of the brightest pixel in the cross correlation A * B.
This method is illustrated in Fig. [3.4] The cross correlation image (c) reflects the overall translation
symmetry of the surface, but there is a clear maximum in the lower left corner, which is used to
determine the shift between the images, namely 15 pixel in x and 6 pixel in y direction.

When calculating the drift for every frame of a movie, the most precise results are obtained when
comparing all frames with its first frame. Although this algorithm is quite stable it might fail because
of several reasons: The drift might be so strong that after some frames the images do not overlap
with the first image any more, or the surface is not so similar to the first frame any more due to its
evolution (molecular switching, diffusion, ...) and also tip changes during the movie might make
frames dissimilar to the first. In these cases it is helpful to compare all frames up to a certain number to
the first frame and then take the last working frame as a reference for all the following ones. In difficult
cases, it can also be necessary to compare every frame to its predecessor.

3.6.2. Determining the molecular state

When the drift of all frames in a movie has been determined as described in section [3.6.1} every image
is pasted into a larger array filled with zeros at the position according to its drift values. After this has
been done, every molecule has the same pixel position in every frame of the movie and an average
image of the full movie can be calculated (Fig. [3.4](d)), which is usually a good overview of the movie.

It is larger than the original images because of the space needed to compensate the drift. The central
region, which is imaged in almost every frame, appears very clear, the regions at the border have less
contrast because they are only visible in some of the frames and subsequently contribute less to the
average image.

For all the following evaluation it is necessary to know the (pixel) positions of all molecules. As the
molecules are arranged in a regular lattice within close-packed islands, it is easy to determine all the
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positions by just defining the two basis vectors a; and a, and extending the lattice to the border of the
imaged area

r = majp +naz (3.3)

where m and n are two integer numbers.

To determine the state of every molecule in every frame, the pixel values within a certain radius
around the central molecular position are median averaged. A molecule is classified as “bright” if its
height is above a certain threshold above the average molecular height and as “dark” if it is below. This
threshold needs to be adjusted manually for every movie, but is usually between 0.2 and 0.5 standard
deviations above the average. Molecules which are not imaged in the current frame obtain the state
“out of image” and can be excluded from the statistical analysis as needed.

3.6.3. Random patterns

When observing a pattern of dark and bright molecules as in Fig. [3.4] (a), it is interesting to know if this
pattern is random or whether there is some sort of order in it. To answer this question, two statistical
tests were applied to the measured data:

* The molecular island of one frame is divided into patches of three by three molecules and the
number of bright molecules in every patch is counted. The corresponding random distribution is
the binomial distribution [55]]:

n!

P(r;p,n) =p'(1=p)"" <:’> =p'(1=p)""
(where r is the number of bright molecules per patch, n is the total number of molecules in the
patch (9 in this case) and p the total concentration of bright molecules in this frame) which
can be plotted in the same graph as the distribution of bright molecules in the patches. If the
experimentally observed distribution deviates from the binomial distribution, it can be concluded
that the bright molecules are not randomly distributed.

However, as this method only counts the number of bright molecules, all information about
directional correlation on the surface is lost, which could potentially lead to a situation where
spatial correlation in certain directions is averaged out by the other uncorrelated directions.

* The second approach is similar to the short range order (SRO) parameter & known from studies
of metal alloys [156} 157, 58]. In these articles, & was given in a distance dependent formulation
only (a(r) = 1 — p(r)/c with r the distance), but here it is used as a function of the lattice
position m and n of the molecular island:

p(m,n)

o(m,n)=1-—
c

(3.5)

where p(m,n) is the probability of finding a molecule of the opposite type at the relative lattice
position (m,n) and c is the concentration of this opposite species on the surface. If there is no
correlation between these two sites, the SRO parameter o has the value zero, because in this
case p = c. If the molecules are likely to have the same state, o will be close to one, and in the
opposite case o will be negative. Compared to the first approach counting the bright molecules
in 3x3 patches, this method has the advantage that correlations in all directions could be resolved.
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For both approaches, only one single frame out of the full movie can be taken into account, because
only very few molecules change their state in between two frames and many never switch (chapter
[A.5.5). Consequently, most of the three by three patches do not change the number of bright molecules
between the frames. When the number N of patches with a certain number of bright molecules & is
counted in one frame, the corresponding error is /N (Poisson statistics) and consequently the signal to
noise ratio (SNR) is N/ VN =+/N. Assuming for a moment that the movie has M frames and that all
the frames are identical, the number of patches with k bright molecules in the full movie is N - M, the
error is /N - M and the SNR is also +/N - M. This means that compared to counting only one frame,
which holds the same information as all the other frames, the SNR was increased by a factor of VM.
Consequently, counting the same data several times artificially increases the SNR without increasing
the data quality.

In the measured movie, some molecules switch between the frames and due to the thermal drift,
some patches leave the imaged area and others appear, but compared to the total number of patches,
the changes are very small. That is why realistic errors can only be obtained when concentrating on
a single frame and no precision gain can be expected when counting all patches in all frames of the
movie. This is also true for SRO parameter, where the errors are also estimated using Poisson statistics.

3.6.4. Time dependence

Whenever looking at thermally induced processes that are independent from each other, the main
parameter governing the evolution of the system are the temperature and the time constants involved,
which is also the case for the switching between the dark and bright state of porphyrin molecules at
room temperature.

If only a single time constant governs the switching of a molecule from a to b, the dwell time
distribution is given by:

I .
Pp(t) = —e (3.6)
Ta
and for the other direction by :
1
Pyyy(t)=—e ®. 3.7
Tp

In other words: the dwell times are exponentially distributed, and the first factor ensures the normaliza-
tion so that

/ P, p(t)dt =1
0

If the evolution of the system is described by only one time constant, the easiest way of estimatinﬂ
it is to calculate the mean of the dwell times:

(1) :/ t~P(l)dt:/ Letdr=1 (3.8)
0 07

However, if the measured dwell times are not exponentially distributed, e.g. if several processes with

different time constants are governing the change of state at the same time, this method of just averaging

them will not yield any sensible information. Therefore it is actually necessary to always inspect their

histogram before doing so as it was done in this work unless stated otherwise.

IThroughout this thesis the term “estimation” is used in its precise statistical meaning [33]]. It signifies that a value is
extracted from measured data using a certain procedure and is therefore clearly distinct from the unprecise “guessing”,
wich is used equivalently in the spoken language.
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3.6. Statistical evaluation methods

If the dwell times cannot be explained by a single exponential function, one can try, if the data
quality permits, to fit the histogram with a sum of several exponentials to estimate their respective
rate constants. However, this method also has its drawbacks: Fitting procedures need supervision,
fitting low quality data can be unstable and one needs to put in assumptions (in this case the number of
exponentials). A method overcoming all the described problems is described in [59]], where the dwell
time distribution is given by:

P(1) = / p(k)ke Mdk with k:% (3.9)

where p(k) is the distribution of the k values. When choosing p (k) = 6(k —k’) this expression is
equivalent to equation From equation [3.9|one can see that P(¢) is actually the Laplace transform
of p(k)k. As P(r) is experimentally measured, for obtaining p(k) this Laplace transform needs
to be inverted in a numerically stable and assumption-free way [59]]. It also includes a working
implementation of this method which has been applied to the measured dwell times from the room
temperature movies.

3.6.5. Random distances

z =
a S~

a bO a \/Ea

T

Figure 3.5.: Distance distribution of random points in a square. (a) Square with side length a and two
random points, their distance is x. (b) Probability distribution (as given in equation (3.10)
of the distance x.

In several places of this thesis, the question arises whether molecules or switching events are
randomly distributed in space. Their distances can be measured in STM images. As STM images
are usually square, it is helpful to know the distance distribution of random points in a square, for
comparison.

For a square with the side length a, the probability distribution of the distances between two random
points is given by [[60]]

10 =200 (3.10)
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with

”T"Z—Zax—i—%z, 0<x<a
o(x) =12 d? (sin_1 (%)—sin”( —Z—;)—l)—%z—i—Za\/)ﬂ—az, a<x<+2a (3.11)

0, elsewhere

This distribution is plotted in Fig. and reveals a maximum at x = § (4 —v16— 3717) ~ 0.4786 a.

3.6.6. Poisson and Skellam distribution
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Figure 3.6.: Examples for Poisson and Skellam distributions. The green and blue histograms show the
distribution of 1000 Poisson distributed random numbers with the respective rates A = 12
and A = 16 and the red histogram shows their difference. The error bars are the v/N
counting errors. Corresponding Poisson and Skellam distributions are shown as colored
lines.

The Poisson distribution is the well known distribution for independent events [55]], when it is known
that the events happen at certain rate A:

e AT
r!

P(r;A) = (3.12)
It gives the probability for r events happening per time interval. One interesting property of the Poisson
distribution is that when two independent Poisson processes with different rates A; and A, are summed
up, the resulting distribution is again a Poisson distribution and its rate A is the sum of the individual

rates (A = A; + o) [53].
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3.6. Statistical evaluation methods

In chapter [4.5.7)it is looked at the difference of two processes. For comparison it is helpful to know
the difference between two Poisson processes, which has first been calculated by Skellam [61]], and the
resulting difference distribution is now named Skellam distribution:

P(ridg, Ap) = e~ hith) (t) I, (2 MLZ) (3.13)

Where r is the difference of the events, A; and A, the respective rates of the original Poisson distributions
and I (x) is the modified Bessel function. Fig. shows two examples of Poisson distributed random
numbers with different rates and their difference. The corresponding Poisson and Skellam distributions
describe the histograms nicely.

3.6.7. The yx? distribution and the P value

To quantify the deviation between a measured distribution and a fitting function, the x? value can be
calculated [55]]:
2

; O;

where x; and y; are the measured values, 0; is the measurement error for y; and f(x;) is the value of the
fitting function at position x;.

Considering the case that the data and the distribution agree, the expected deviation of every datum y;
from the distribution f(x;) is 0; and therefore every term in the sum gives a contribution of ~ 1. When
N data points were measured, the expected value would be x> ~ N. On the other hand, if y> > N,
data and distribution probably disagree and if 0 < y*> < N, probably the measurement errors were
overestimated.

To quantify this sort of argumentation, the distribution of x> was calculated, assuming that the
measurements follow Gaussian distributions [[55]]:

n—2 _z
T (3.15)

p(x*n) =

n = N — m is the number of the degrees of freedom, where N is the number of measurements and m is
the number of fitting parameters.

Now, depending on the number of degrees of freedom, the probability can be calculated to observe a
given % or higher by evaluating the following integral

;n)dy”. (3.16)

This P value also measures the degree of similarity between the data and the distribution, but compared
to x? it has the advantage that it has values between 0 and 1, which describe a probability and do not
change their magnitude with the number of data points. The higher the value of P, the smaller is the
deviation of the data from the distribution.

3.6.8. Principle component analysis

A very powerful technique for statistical data analysis is principle component analysis (PCA) [62]. It
aims at identifying variability patterns in high dimensional correlated data and to reduce its complexity
by introducing new uncorrelated coordinates.
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When looking at N variables x1,xz, ..., xy, the covariance matrix is defined as [53]]
Vij = cov(xi,xj) = XiXj — Xi Xj. (3.17)

This symmetric matrix has the variances of the variables on its diagonal and the covariances between
all variables as off diagonal elements. Identifying the important structures in such a N X N matrix (just
by looking at it) is generally difficult.

The idea of PCA is to apply a principle axis transformation to the covariance matrix, i.e. to introduce
new coordinates, with the eigenvectors as base vectors, which are called principle components. The
eigenvectors are necessarily linearly independent and in this new coordinate system, the covariance
matrix is diagonal. Its elements, the NV eigenvalues corresponding to the N principle components, give
the variance of every component. If there was a sufficient degree of correlation in the original variables,
it can occur that only few (much less than N) eigenvalues have a considerable variance and that the
others are close to zero. In this case, most of the variability of the data can be explained only by these
components and the others can be safely discarded, which is a strong reduction of complexity. The
eigenvectors of the strong components can the be transformed back into the original coordinates for
further investigation and interpretation.

If the original data is uncorrelated, i.e. its covariance matrix is already diagonal, no reduction in
complexity can be expected from PCA, because there are no variability patterns to be found.
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Experiments and results
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4. Tetra-Phenyl-Porphyrin (TPP)

STM tip
intermolecular coupling
- / a

surface [ ]

7 b

Figure 4.1.: Schematic of coupled molecular switches on a surface. In (a), one of the switching units is
switched by an STM tip and in (b) the conformation is propagating along the chain.

During the evolution of life on earth, nature developed various molecules for performing complex
tasks inside the bodies of humans, animals and in plants. Two examples of such molecules with a
complex functionality, hemoglobin and myosin V, were presented in detail in the introduction of this
thesis. They have in common that their functionality stems from cooperative effects between their
subunits. Cooperativity as defined in [2] is present, when a structure containing several subunits behaves
differently than would be expected from the subunits alone. Understanding the principle mechanisms
of cooperative processes in nature is interesting by itself, but this knowledge might also be a big help
when synthetic functional molecules shall be designed and their function relies on cooperativity. One
potential field of application is molecular electronics, which aims at replacing the components of
conventional electronics with single molecules [63]], leading to a massive reduction of the structure
sizes and consequently to higher operation speed, lower costs and less energy consumption.

In conventional electronics, information is transported by electric currents in metallic wires. Copying
this method for the use in molecular electronics is difficult because of several reasons. First, also fully
conjugated molecules are relatively poor electric conductors [64}165]] as compared to metals and second,
the reliable forming of contacts between molecular wires and metallic electrodes is difficult to achieve
in a reproducible manner [66].

With these difficulties in mind it is worth evaluating the possibility of different approaches to infor-
mation transport on the atomic scale. For example, it has been shown recently, that the information of
the magnetization direction of a ferromagnetic island can be transported along an antiferromagnetically
coupled chain consisting of iron atoms on a copper substrate [67]. Moreover, in the junction of two
such chains, a logic function is formed without any further modification of the structure. Of course,
such a system is hardly suitable for a real application in electronic devices as the required temperature
of 0.3 K poses a considerable experimental challenge and the atom-by-atom assembly using lateral
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4. Tetra-Phenyl-Porphyrin (TPP)

tip manipulation is too slow for mass production. Nevertheless, it is interesting to asses different
mechanisms of information transport which might eventually one day lead to a working device.

Another approach is followed by the ARTIST research project (Alternative Routes Towards
Information Storage and Transport at the Atomic and Molecular Scale) [68] by the European Union
that funded the presented PhD thesis. The idea investigated in the following is conformational transport
along cooperatively coupled molecular switches (Fig. [.I). If a group of molecular switches, each
having two or more distinct states, was assembled on a supporting surface in a one-dimensional
arrangement and the intermolecular coupling was adjusted to yield a cooperative interaction, it might
be possible to transport information along this chain by changing the state of the first molecular switch
and passing this change of state on to the neighboring molecule via the cooperative interaction, as
shown in Fig. 4.1 where the first element is changed with the tip of an STM.

In the present chapter it will be tried to identify a cooperative coupling between neighboring
molecular switches and, if present, to characterize the interaction mechanism and coupling strength
and their dependence on the type of the intermolecular coupling. The results might lead to a better
understanding of the requirements for cooperative coupling and their application in synthetic molecules.

4.1. The choice of porphyrins

Figure 4.2.: Chemical structures of the two molecules investigated in this chapter, tetra-phenyl-
porphyrin (TPP) and tetra(4-bromophenyl)porphyrin (Brs TPP)

The molecules that were chosen for the presented project are fetra-phenyl-porphyrin (TPP) and
tetra(4-bromophenyl)porphyrin (Br4TPP), which are presented in Fig. .2] They have several properties
which are useful for the desired experiments. First of all, due to the m-conjugation of the central
porphyrin core, the molecules are very stable compounds which can be evaporated in vacuum easily
without dissociation, leading to very clean preparations. Due to their inherent stability, they are almost
flat and generally adsorb on metal surfaces in a flat lying geometry. Furthermore, some porphyrin
derivatives are known to be able to switch on surfaces ([8}[9]) between a flat and a buckled adsorption
geometry. Another important point is that, depending on the reactivity of the surface, the molecules
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4.2. Porphyrins in nature

have the freedom to diffuse and assemble in close-packed islands or when functionalized with Br atoms,
they can even form covalent assemblies [[10]. This control over the bonding strength is a very valuable
property, when trying to achieve a cooperative coupling between the porphyrin units.

4.2. Porphyrins in nature
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Figure 4.3.: Oxygen saturation curve of hemoglobin and myoglobin as a function of the partial O,
pressure in the blood. Reprinted with permission from [1]]. Copyright 1997, Oxford
University Press.

Porphyrin groups play a big role in biochemical molecules ([1]] and references therein), serving as a
host for metal atoms which are important in the processes of life. The most prominent examples are
chlorophyll, the protein responsible for photosynthesis in plants, and hemoglobin, which takes care of
the oxygen transport inside the bloodstream.

In chlorophyll, the porphyrin unit is responsible for absorbing photons. A magnesium center adjusts
its absorption bands to the desired wavelengths. The photon energy is transfered to an electron, which
is passed on over several different proteins and finally reduces water to O, and CO; to hydrocarbons.
But porphyrins also play an important role in the inverse process, namely the oxygen transport from
the lungs to the cells through the bloodstream. Hemoglobin contains four porphyrin groups, each with
an iron center to which an O, molecule can bind. Although hemoglobin is quite a large molecule
and the porphyrin units are far apart, they can communicate through the backbone of the hemoglobin,
leading to cooperative [2] oxygen uptake. This cooperative effect is an essential part of the hemoglobin
function, as the oxygen is released only in the desired body regions and not during the transport in the
blood.

Fig. shows the implications of this effect. The O, saturation curve for hemoglobin is shown
as a function of the partial oxygen pressure in the blood. As a comparison the corresponding graph
for myoglobin is shown in the same diagram. Myoglobin is responsible for the oxygen storage in the
muscle tissue. The difference between these two proteins is that myoglobin only contains one oxygen
binding iron porphyrin and therefore cannot show any cooperative oxygen uptake. In the region of the
lung oxygen pressure, hemoglobin reaches almost full saturation, whereas in the pressure region of the
muscle tissue oxygen is released, the saturation drops to 0.5. At the same pressure, myoglobin still has
full saturation and can take over the oxygen delivered by the hemoglobin.
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4.3. Porphyrins on surfaces

Porphyrins have attracted a lot of attention in various fields of surface science. For example they were
used as a host for magnetic metal centers [9,169]], allowing to study magnetism in molecules.

The incorporation of the metal center into the porphyrin macrocycle can be followed directly on
surfaces. First, the free base porphyrins are deposited and the metal atoms are added in a second
step. As the atoms are free to diffuse, they will get bound in the porphyrin core when they reach the
required position. This process can be followed both, by STM [[70, [71} [72] and diffraction methods
[[73L 174175, [76]).

In biomolecules, porphyrins with metal centers are often used to reversibly bind gas molecules and
it has been tried to simulate this process on surfaces using model systems [[77, (78} [79,180]. Porphyrins
have also been used to study switching processes within molecules, whereby different mechanisms
can play a role: The possibility to rotate side groups can be exploited [81]], the bending of the central
macrocycle can be changed [8, 9] and also the tautomerization of the central hydrogen atoms can be
used as a switch [82].

Furthermore, there has been intensive research on the assembly of porphyrins, ranging from close-
packed arrangements [83, |84} 185, 86, 871, over adatom-mediated bound structures [88, |89, 90] to
covalent assemblies [[10, 91,92, [93]].

4.4. Low temperature measurements

At first, the TPP molecules are studied on Au(111) by low temperature STM (see chapter [3.1)). This
instrument offers the best conditions for the controlled investigation of the molecules because of
several reasons: Due to the low temperature of about 5 K all thermal processes are significantly slowed
down or completely suppressed such that stable conditions are achieved over timescales of months.
This includes internal processes as conformational changes or vibrations as well as diffusion of the
molecules on the surface. Single molecules can be investigated stably on the surface and, depending on
the preparation conditions, close-packed molecular islands can be found, too.

The design of the LT-STM, having the STM head and the surrounding helium cooled radiation shield
at the same temperature leads to very small temperature gradients across the system and thereby to very
small drift rates of < 1 nm/hour. The high stability of the STM as well as of the adsorbate/substrate
system at these low temperatures enables us to perform reliable d//dV measurements (chapter
with a good signal to noise ratio (SNR), because at 5 K the experimental linewidths are very small and
spectra can be taken repeatedly of the same point of the surface for rather long periods, thus reducing
the noise.

The measurements in this chapter are compared with theoretical calculations presented in chapter
4.8

4.4.1. Molecular appearance

A typical overview image of TPP molecules on Au(111) can be found in Fig. 4.4 About 0.13
monolayers of molecules have been evaporated on the surface at room temperature and were then
cooled down to the imaging temperature of 5 K. The well known herringbone reconstruction of the
Au(111) surface [52] can be seen unperturbed in the presence of the molecules in the inset of the figure.
This is generally regarded as a sign for a rather weak interaction of the molecules with the substrate,
because in the case of strong adsorption the reconstruction can be lifted or modified in the presence of
molecules [94]. Single TPP molecules can be found on all sites of the reconstruction: the fcc and hcp
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Figure 4.4.: Overview image of TPP on Au(111). In the inset, the image contrast was adopted to clearly
show the herringbone reconstruction. (48 x 48 nm?, Uip=—1V,1=041nA,T =5K)

regions, the ridges and the elbows. The molecules also assemble in close-packed islands, the island
sizes scale with the total coverage on the surface. The growth of these islands seems to be guided by
the reconstruction lines of the herringbone reconstruction (as can be seen in the inset of Fig. 4.4).
Although only one species of molecules has been evaporated on the surface, depending on the
tunneling conditions, two types of molecules can be seen in the image, a darker and a brighter form. In
order to find out more about the origin of these two molecular appearances, bias dependent images
have been recorded, which can be seen in Fig. [4.5] These images show two small close-packed islands,
consisting of four molecules each and a single bright molecule in between, being adsorbed on an elbow
of the herringbone reconstruction. The best contrast between the different states of the molecules is
found in (d), at a tip voltage of —1 V, where it is easy to distinguish between the three bright and
the dark molecules. At the other bias voltages, however, this distinction is almost impossible. Close
inspection of the island in the lower right corner reveals that there are actually two groups of dark
molecules which are hard to distinguish in STM measurements but will be assigned later (chapter 4.8))
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dark 2 dark 1
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Figure 4.5.: Bias dependence of the TPP STM images at low temperature. The tip voltages are given in
the images, the other image parameters are: 11.4 x 11.4 nm?, 1 =0.44 nA, T =5 K.
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to two tautomers of the same molecular state.

A large part of this work is dedicated to the switching of the TPP molecules on Au(111), but as the
clear distinction between the two dark states is very difficult to achieve, in the analysis they will be
simplified in the following to only one dark state, unless stated otherwise. Variations in the sample

T Arrangement Bright TPP molecules
5K single molecules none
80 K clusters few on herringbone elbows
90 K | clusters and small ordered islands at elbows only
130K large ordered islands at elbows, in islands

Table 4.1.: Summary of the temperature dependence as presented in Fig. The observations from
78 K and 80 K were summarized under 80 K, as they are similar and the differences most
probably stem from the slightly different coverages.

temperature during preparation can yield interesting facts about the thermal processes playing a role
for this system. In Fig. 4.6] STM images of TPP on Au(111) are shown after preparation at different
sample temperatures. (a) shows the surface after depositing the molecules at 5 K sample temperature
by evaporating them directly into the STM. The molecules are found single on the terrace, they do not
even form clusters yet, indicating that at this temperature no diffusion takes place. Furthermore there
are no bright molecules on the surface, showing that creating the bright state also requires thermal
energy. The same surface has been heated at 80 K for 10 min and then cooled to 5 K before taking (b)
and (c). The molecules started to form small disordered molecular clusters, but not enough diffusion
has taken place yet to allow them to build ordered islands. The number of bright TPP molecules is still
very small, only few could be found.

In (d), the molecules were evaporated into the STM filled with liquid nitrogen, having a temperature
of about 78 K. At this temperature the molecules cannot form ordered islands yet, but they arrange into
elongated clusters, guided by the reconstruction lines. Some bright molecules can be found, but they
are exclusively situated on the elbow sites of the reconstruction. The difference between the images
(c) and (d) is surprising, as they had been up to almost the same temperature. Two explanations are
possible: Either the annealing time of 10 min in (b) and (c), which is much shorter then the several
hours image (d) stayed at 78 K, were too short to completely establish equilibrium conditions, or the
slightly different coverages of the two preparations (0.31 monolayers (ML) in (a) vs. 0.41 ML in (e))
lead to different equilibrium configurations. As the molecular self assembly times are usually much
shorter than minutes, the latter possibility appears to be the more likely one.

After heating up the same surface at 90 K (e), small ordered islands have formed and the number of
bright molecules is growing, still being situated only at the elbow sites. After the next heating step at
130 K in (f), the island size significantly increased, the bright molecules are still predominantly on the
elbows, but the first ones can also be found inside the islands. The previously described temperature
dependence is summed up in table 4.1}

The temperature dependence clearly shows that the dark state is the more stable, i.e. energetically
favored, state and that the bright state can only be created by thermal activation on the surface.
Furthermore, the diffusion is quenched at 5 K (which is in agreement with the capability of taking
stable STM images at this temperature) and even the kinetic energy the molecules have when being
evaporated into the STM is not sufficient to overcome the diffusion barrier on the surface, before the
molecules are cooled down. At around 80 K, the molecules are capable of diffusing to a close potential
minimum, leading to the formation of disordered clusters. In these clusters, the molecules are bound
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Figure 4.6.: Temperature dependence of the TPP/Au(111) preparation. (a) Surface after deposition

48

at 5 K, (b) and (c) the same surface after annealing at 80 K for 10 min. (d) Surface
after deposition at 78 K, (e) and (f) the same surface after annealing at 90 K for 1 /& and
130 K for 25 min, respectively. Image parameters: (a) (42.7 x 42.7 nm?, Uip=—-1V,
1=20pA, T =5K), (b) (25.1 x 25.1 nm?, Uip=—-1V,1=50 pA, T =5.2 K), (c)
(13.6 x 13.6 nm?, Uip=-1V,1=0.52nA,T =5.7K), (d) (49.7x49.7 nm?, Uiip=—1V,
1=29pA, T =778 K), (e) (70.6 x 70.6 nm?, Uip=—-087V,1=4.4pA, T =18.4K),
() (54.7 x 54.7 nm?, Uip=—-1V,1=33pA, T =82.0K)



4.4. Low temperature measurements

by sufficient strength, permitting stable imaging at these temperatures. At 130 K, sufficient energy is
present, allowing the molecules to find their energetically favored arrangement in ordered islands.

4.4.2. Molecular assembly

lattice constant [ — Random distribution

Distance [m]

— Random distribution

X [m] Distance [m]

Figure 4.7.: Distances between the molecules in the STM image shown in Fig. (a) and (c) show
the selected molecules in the STM image, (b) and (d) the respective distance histograms,
where the errorbars correspond to the /N counting errors. For comparison, the expected
random distribution from [60] (chapter@ is plotted as a red line. The solid arrows in
(a) have a length of 25 nm and the broken ones 40 nm.

To understand in detail the assembly of the TPP molecules on the Au(111) surface, it is instructive
to look at Fig. where the STM image from Fig. [4.4]is used to measure the distances between
the molecules. In Fig. 4.7 (a), the centers of all molecules are marked with a red dot, all possible
distances between them are measured and shown as a histogram in (b). For comparison, the expected
distance distribution for random points in a square (chapter [3.6.5) is plotted as a red curve. There is
a pronounced difference between the histogram and the random distribution, which is the result of
the existence of the close-packed molecular islands. Several features can be assigned: The strong bin
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between 1 nm and 2 nm corresponds to the lattice constant in the islands and the two other peaks at
around 25 nm and 40 nm have their origin in the distances between the islands. To demonstrate this,
there are solid arrows in (a) with a length of 25 nm and broken ones with 40 nm. Both of these distances
can be found several times between the islands which have, due to the high number of molecules within
them, a high statistical weight in the distance distribution and therefore dominate the histogram.

If the same analysis is performed excluding the molecules in ordered islands (Fig. .7(c) and (d)), the
distance histogram and the random distribution agree quite well, which shows that the single molecules
are randomly distributed.

Obviously, there is a short range force acting between the molecules (presumably VAW force), which
holds them together in the close-packed islands. By this analysis it could be shown that because the
molecules outside the islands assemble in a random fashion, there are no long-range forces acting
between them, neither attractive nor repulsive, which could potentially point to charge transfer between
molecules and sample, leading to electrostatic repulsion.

4.4.3. Spectroscopy
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Figure 4.8.: dI1/dV spectra of TPP on Au(111) at 5 K, measured at the molecular center. The spectra
have been scaled such that the maximum intensities are equal. The modulation frequency
is 710 Hz with an amplitude of 20 mV. The bright spectrum was measured over a single
molecule, whereas the dark spectrum is an average over several molecules.

By performing dI/dV spectroscopy, the local density of states (LDOS) of the molecule/substrate
system can be probed around the Fermi level (chapter [2.2). Typical spectra of bright and dark TPP
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Figure 4.9.: dI/dV spectra of a dark TPP molecule on Au(111) taken over different parts of the
molecule. The spectra were recorded with 20 mV modulation amplitude at 710 Hz, at
every position five sweeps were averaged to the final spectrum and slightly offset in the
plot for clarity. The positions of the spectra in (b) are marked in the image (a). Image
parameters in (a): 5.5 x 5.5 nm?, Uy, = —1V,1=0.37nA, T =5 K.

molecules can be found in Fig. [4.8] As the spectra are plotted as a function of the tip voltage with the
sample being on the ground potential, negative voltages correspond to unoccupied, positive voltages to
the occupied states.

The spectrum of the dark molecules has the LUMO at —1.5 V and the HOMO at 0.8 V with respect
to the Fermi level. On the other hand, the bright molecules have the LUMO at —1.0 V and the HOMO
at 1.3 V. An important observation is that the spectrum of the bright molecules has almost exactly
the same shape, but it appears to be shifted entirely by 0.5 eV towards the occupied states. Now it is
possible to understand the contrast between dark and bright molecules in bias dependent imaging (Fig.
4.5), where the best contrast between the two is found for a tip voltage of —1 V. At this voltage, the
LUMO of the bright molecules is already in the energy range of the tunneling electrons, whereas the
LUMO of the dark molecules is not. Outside the voltage region between the two LUMOs, the two
states are almost impossible to distinguish.

Fig shows dI/dV spectra which were recorded over different parts of a dark molecule. One
spectrum was recorded over the center, two over the porphyrin ring and one over the phenyl leg.
All spectra show the positions of HOMO and LUMO at the same energies, but they have different
intensities depending on their position within the molecule.

The most interesting observation is obviously the rigid shift between the spectra of dark and bright
molecules. The easiest explanation for such a behavior would be a charging of the molecules due to
charge transfer with the surface as observed in [95,[96]]. In the present case, however, charging does not
seem to be an explanation because of two reasons: No long-range repulsion could be found in chapter
[d.4.2]and second, although HOMO and LUMO are shifted with respect to the Fermi level, they do not
cross it, which would be a requirement for charging. As will be shown in chapter [4.8.1] the shift can
perfectly be reproduced by density functional theory (DFT) calculations when assuming the presence
of a gold adatom underneath the bright molecules.
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4.4.4. Heated TPP

— Random distribution

Distance [m]

Figure 4.10.: TPP molecules on Au(111) after heating to 360°C for 5min (36.6 x 36.6 nm?, Uiip=—1V,
I =0.4nA, T =5 K). The histogram shows the distribution of distances between the
molecules in the image and the expected distance distribution for a random pattern (red
line) as described in chapter The error bars represent the /N counting errors.

The appearance and behavior of the TPP molecules changes drastically upon annealing of the
Au(111) surface to more than 360°C (Fig. @) Bias dependent images of the annealed molecules
can be found in Fig. f.T1] Apparently there are no dark and bright molecules any more, all molecules
have the same apparent height at all bias voltages. In comparison with the TPP molecules before the
annealing (Fig. [4.5) much less internal structure can be seen and the apparent height is almost constant
over the covered bias voltage range. Furthermore, the shape of the molecules are not the same any
more: Some have a rectangular shape, others are trapezoidal and some appear to be rectangular but with
one elongated corner. These forms are marked in Fig. .11 (a) with the numbers 1,2 and 3, respectively.

However, the most striking difference to not annealed TPP molecules is that they do not form
close-packed islands any more. In order to understand the change in interaction of the molecules better,
the distances between all the molecules in Fig. [4.10] were measured and drawn as a histogram. As
a comparison, the expected distribution for randomly distributed molecules (chapter [3.6.3) is shown
in the same diagram as a red line and there is obviously a good agreement between the two, which
means that the molecules are randomly distributed. Attractive short-range van der Waals forces are
always present between molecules, which usually lead to the formation of close-packed islands (as
in Fig. @ (a) and (b)). As no island formation is observed, there needs to be a short-range repulsive
force acting between the molecules. Possibly the molecules are charged and repel each other due to
electrostatic interaction, similar to the one dimensional case presented in [95]. A possible explanation
for the changed appearance will be given in chapter [#.8.2]
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Figure 4.11.: Bias dependent imaging of TPP on Au(111) after heating to 360°C for Smin. In (a) the
different possible shapes of molecules are marked with 1: rectangular, 2: trapezoidal and
3: rectangular with one elongated corner. The tip voltages are given in the images, the
other imaging parameters are: 17 x 17 nm?, I =0.37nA, T =5K
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4.5. Room temperature measurements

In chapter [4.4]it was demonstrated that TPP molecules adopt two distinct states on Au(111), which
can be distinguished in STM measurements. In this chapter, it will be shown that switching between
these two states can be induced thermally and it is tried to understand the switching process. Compared
to tip-induced switching, which will be investigated in chapter [4.6] thermal activation addresses all
molecules on the surface and therefore leads to a high number of switching events. Hence, it quickly
yields significant statistics, which can then be exploited to look for cooperative effects within the
molecular layer.

All measurements in this chapter were done with BryTPP molecules (Fig. 4.2). The presence of the
four bromine atoms does not suppress their ability to switch and they have the additional possibility of
forming covalent networks upon heating [[10].

4.5.1. Imaging at room temperature

When imaging physisorbed, i.e. weakly bonded, molecules at room temperature, rapid diffusion of the
molecules is observed, which can be so fast that the molecules become invisible to STM. Consequently,
investigation of single isolated molecules is impossible at room temperature. The most convenient
way of preventing the molecules from diffusing without changing their structure is to fill up the
whole surface with molecules, i.e. to evaporate exactly one monolayer, which forces the molecules to
assemble in large, close-packed islands, leaving no space for diffusion.

In order to learn something about the kinetic properties of the switching process, the temporal
evolution of the molecular state needs to be investigated. This can either be achieved by fixing the
tip above one molecule and looking at the change of the tunneling current over time, or by recording
images of the same surface area over and over again to obtain a movie of the surface development.
Both methods have their advantages and disadvantages: While fixing the tip above one molecule, a
high time resolution in the ms range can be achieved, but the state of the surrounding molecules is
unknown. When recording series of images, the opposite is the case: the time resolution is not as good
(about 8 s per frame at fastest), but the state of all molecules is known, which permits looking for
cooperative effects. Due to the desire to study cooperativity and to limitations in the STM electronic,
recording series of images has been used exclusively.

It is important to note that the time resolution of these movies must be at least comparable to the
time constants of the observed processes because otherwise, no significant results can be obtained. The
typical time resolution, achievable with a SPECS Arhus STM, is about 8s for an image of 20 x 20 nm?
with sufficient image quality. This speed is apparently sufficient because, as will be explained in
chapter 4.5.3] even on rather slow images (108 s per frame), the molecules can be imaged clearly in
unperturbed regions. Only in the vicinity of defects where the switching rates is largely enhanced, the
molecules appear fuzzy.

4.5.2. Molecular appearance at RT

Bias dependent images of a monolayer of BryTPP on Au(111) at room temperature can be found in Fig.
[.12] They look slightly different than TPP (compared with Fig. 4.5]at low temperature): Dark and
bright molecules can be clearly distinguished and there are still three states observed, which means that
the ability to switch is not lost upon attachment of the four Br atoms. However, in comparison to TPP
where two of the states appeared dark, Bry TPP molecules have two bright and one dark state. Similar
to TPP, the best contrast is observed at about +1 V' sample voltage (which corresponds to U;, = -1V
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Figure 4.12.: Bias dependent imaging of BrsTPP on Au(111) at room temperature. Due to thermal
drift, the images do not show exactly the same area. The sample voltages are given in the
images, the other imaging parameters are: 18.8 x 18.8 nm?, I = 0.1 nA, T = 300 K

in the low temperature STM). This is another indication that the origin of the dark and bright state is
the same as in the case of TPP.

Fig[d.12](c) clearly shows that there are actually two bright molecular states, which can only be
distinguished in a limited voltage range. As it is very difficult to obtain such high image quality in
room temperature STM and keep it unchanged over the full duration of a movie (several hours), both
bright states are treated as one.

When the same area of the sample is imaged at room temperature over and over again, thermal
switching of the molecules can be observed. This evolution of the surface will be studied in the
following sections in greater detail.
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Figure 4.13.: Influence of defects as step edges, domain boundaries and point defects on the switching
speed: (a) single frame from a movie with 108 s/frame, rapid switching close to defects
can be seen, (b) average of all frames of this movie, clearly showing that diffusion cannot
be responsible for the fuzzy appearance. Uggmpre = 1.25V,1=0.13 nA, T =300 K

4.5.3. Influence of defects

When looking at the surface at a larger scale (Fig. #.13] (a)), where defects like step edges, domain
boundaries and point defects perturb the regular arrangement of the molecular lattice, it becomes
already clear from a single image that the switching properties of the molecules change drastically in
the vicinity of these defects. In these regions the molecules are switching so fast, that they change their
state even in the short time the tip is above them and therefore appear fuzzy. However, when inspecting
(b) where all the frames of the movie have been averaged together, taking into account the relative
thermal drift between the images (as described in section [3.6.2)), the molecules can be seen clearly
again, especially in the region of the domain boundary, unambiguously showing that this effect cannot
be due to rapid molecular diffusion.

Before it is possible to understand the origin of the increased switching rates close to the defects,
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Figure 4.14.: Influence range of defects. (a) One frame of a movie Uggppre = 0.884 V, I = 0.14 nA,
T =300 K with crosses indicating the positions of the molecules (green: dark molecules,
red: bright molecules, black: molecules outside of the current frame, blue: molecules
inside influence range of defects), red dots and lines indicate defect sites. In (b) the
averaged switching rates and the number of switching events are shown as a function
of the distance to the nearest defect. The influence range of the defect is about 9.5 nm,
which corresponds in the islands to the distance of six molecules.

it is necessary to understand the normal switching rate in the unperturbed molecular island, which
raises the question of how far from a defect the unperturbed surface starts. To answer this question,
two quantities were calculated as a function of the distance to the closest defect: The switching rate
was calculated by averaging the dwell times (as in equation [3.8|from chapter [3.6.4)) and the average
number of switching events per molecule in the entire movie was calculated, which is also a measure
that correlates with the switching rate. A typical scenario can be found in Fig[#.14] In the upper panel
of (b), the distance dependent switching rate is shown and the average event numbers in the lower panel.
Especially from the lower panel it becomes clear that the unperturbed island starts at about 9.5 nm
distance from the defects, which corresponds to six molecules inside the perfectly ordered island.

It is important to keep in mind that the quantities calculated in Fig. [4.14] (b) cannot yield any kinetic
data like switching rates because of several reasons:

* As was demonstrated in Fig. 4.13] the time resolution is not sufficient close to the defects: Due
to their high switching rate the molecules are only imaged as streaks. Therefore, it is expected
that a significant amount of switching events is not captured due to the low time resolution.

e In chapter [3.6.4] it was explained that averaging the dwell times only yields a meaningful
switching rate if the dwell times are exponentially distributed, which could not be checked in the
vicinity of defects, due to the low number of molecules in the respective distance bins, leading to
poor statistics.

e It is demonstrated in chapter 4.5.5| that the time dependence of the unperturbed layer cannot
be understood with simple switching rates. Therefore, assuming that switching rates are a
meaningful quantity in the vicinity of defects has no justification.
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For the reasons given above, Fig. #.14] (b) should be seen rather as a measure of the defect distance
dependent “switching speed” without connection to kinetic parameters, which can nevertheless be used
to determine the influence range of defects in the ordered molecular layer.

On average, the unperturbed monolayer starts after 7 + 2 molecular lattice constants, which is a
surprisingly large distance.

Maybe the origin of this effect is a slightly larger distance between the molecules close to the defects
compared to the unperturbed island or a broken symmetry due to the presence of the defect. However,
a convincing explanation for this behavior could not be found within this thesis, but all the following
evaluations were done only on the parts of the surface which were considered unperturbed in the sense
explained above.

4.5.4. Ordered patterns

Molecular islands of Br4TPP molecules on Au(111) at room temperature show a distribution of dark
and bright molecules, as in Fig. .15](a). There is no apparent order in this pattern visible in the STM
images. To statistically substantiate this observation and to find out whether the state of one molecule
has an influence on the state of his neighbors, the two statistical tests described in chapter [3.6.3| were
applied to the observed distribution of dark and the bright molecules.

Fig. [4.15](b) shows the distribution of bright molecules within all possible patches of three by three
molecules of image (a) compared to a binomial distribution with the parameter p = 0.16. This value
is just the ratio of bright molecules in (a), where 16% of the molecules are bright and 84% are dark.
The measured and the theoretical distribution agree quite well, the P-value (chapter [3.6.7) is 0.21,
signifying that there is no significant deviation from the random distribution.

The SRO parameter o, calculated for both cases, once with the reference molecule dark and once
bright, can be found in Fig. for lattice vectors up to (£2,+2). As a correlation would manifest
itself as a deviation from zero (chapter [3.6.3) and the only clear difference from zero is found at the
(0,0) position, there seems to be no correlation between the state of one molecule and the state of its
neighbors.

Of course, for every movie under consideration, these results look slightly different. Nevertheless,
no significant correlation could be found. Apparently there is no influence of the state of one molecule
on the state of its neighbors.

4.5.5. Time dependence of the switching

The thermal evolution of a system over time is described by its rate constants [97]]. Estimation of the
rate constants involved in the switching process of the porphyrin molecules is attempted in this chapter.

As was already explained in chapter[3.6.4] the time constants are estimated from the histogram of
the dwell times. Fig. .16|(a) and (c) show such histograms together with a fitted exponential function
shown as a green curve. Another exponential function has been fitted to the same data but excluding
the first three bins and is displayed as a red curve. The respective fitting parameters can be found in the
legends.

Obviously the red and green curves disagree quite substantially both, in their k values and their
amplitudes. This observation clearly shows that a single exponential is not sufficient to explain the
observed dwell time distribution and that apparently several different processes (possibly one tip-
induced and one thermal process) lead to a change between the dark and bright molecular state, each
having its distinct time constant. The dwell time histograms can usually by fitted by a sum of two
exponentials. However, fitting with even more exponential functions leads to ever better agreement
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Figure 4.15.: Patterns of dark and bright molecules: (a) single frame from a movie with 13.2 s/frame,
Usampie = 1.3 V, I =40 pA, T = 300 K. Red crosses are bright, green crosses dark
molecules and molecules with blue crosses are excluded from the analysis because of
their proximity to a defect. The dark border in the right and the upper part of the image
are not imaged in this frame but due to the thermal drift in other frames of the movie. (b)
shows the distribution of bright molecules in all three by three molecule patches in (a)
compared to the binomial distribution with the parameter p = 0.16. (c) short range order
parameter for lattice positions up to (£2,+2).

between the data and the model due to the increasing number of free parameters, but the significance
of the thereby estimated parameters is questionable.

To separate these processes in an assumption free way, i.e. without manually choosing the number
of exponentials or other assumptions, the method developed by Zhou et al. [59] (chapter [3.6.4) was
applied to the measured data. The distributions of k values p (k) can be found in Fig. (b) and (d).
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Figure 4.16.: Estimating the switching rates of BrsTPP on Au(111). (a) and (c) show dwell time
histograms from a movie with the following parameters: 42 s/frame, Usgmpie = 302 mV,
I=0.11nA, T =300 K, the errorbars are the /N counting errors. Each histogram has
been fitted with an exponential function (green curves). A second exponential has been
fitted to the same histogram excluding the first three bins (red curves). (b) and (d) show
the respective reconstructions of the rate constant probabilities as described in chapter
[3.6.4] The vertical green lines are at the position of the inverse frame duration and the
positions of the k values obtained by fitting in (a) and (c) are marked with arrows in (b)
and (d), respectively.

They obviously consist of several components, with the first strong ones corresponding to the k values
obtained by fitting in (a) and (c) and are marked in the figure with colored arrows.

This method was applied to all movies with sufficient quality and the position and width as well
as the total statistical weight of all the observed peaks were recorded. A likely explanation for the
existence of several processes could be that there is thermal switching on one hand (maybe with
different rate constants for different sites) and one or several tip induced process on the other hand. By
plotting the observed k values as a function of the bias voltage or the tunneling current it should be
possible to confirm such an idea, because the thermal process should have a constant rate, but the tip
induced process should change its rate depending on the tunneling conditions. The complementary
method of keeping the tunneling parameters fixed and changing the sample temperature could not
be realized within this thesis due to experimental limitations of the used microscopes which is quite
unfortunate because also the size of the switching barrier could not be estimated from an Arrhenius
plot, which would require plotting the k values as a function of the inverse temperature [97].

Fig. shows the dependence of the k values on the tunneling conditions for both switching
directions. The k values are distributed over two orders of magnitude, but the data points scatter too
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Figure 4.17.: k values estimated from all recorded movies with sufficient length and quality for both
switching directions, plotted as a function of the tunneling voltage and current. The k
values were estimated from the dwell time histograms using the method described in [S9]

(chapter 3.6.4).

much for drawing any clear conclusions about their dependence on the tunneling parameters[]

This result can potentially be understood by correlation effects in the molecular layer. As will be
explained in the following chapter #.5.6] if one molecule switches, another molecule in its vicinity
might switch in the opposite direction with a high probability. Furthermore, in many movies it has
been observed that over several frames, almost no switching activity can be observed (like in Fig. .19
(c)) and suddenly, a larger number of molecules switches between two frames (Fig. #.19/(d)), to be
followed by several more frames with very low activity. The existence of these cascade events, which
will be analyzed in more detail in chapter[4.5.7] shows that the switching events cannot be regarded as
independent.

Another interesting observation is that many molecules never change their state during a whole
movie, whereas others change their state several times. In Fig. f.18]an average image of a movie can
be found, in which all non-switching molecules are marked with a red cross. In this particular case,
72 % of the molecules do not switch. However, when estimating an average switching constant using
equation [3.8]and evolving the observed pattern of bright and dark molecules in the first frame using a
random number generator with the estimated average switching constants, only 4 % of the molecules
would be expected not to switch during the course of this movie. Apparently, the molecules also cannot
be treated as equal.

When analyzing the spatial distribution of the non-switching molecules, no apparent reason for
their static behavior can be found. There is no periodicity, which might point to a Moiré effect with
respect to the underlying gold lattice (as in [39]]), and it does not seem to depend on the herringbone

11t was also tried to fit the dwell time histograms with the sum of two exponentials, but the resulting & values also show no
clear dependence on the tunneling parameters, just as in Fig.
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Figure 4.18.: Molecules which did not change during the entire movie (81 s/frame, Uy pre = 884 mV,
I1=0.14 nA, T = 300 K) are marked with a red cross. In the presented case, 72 % of the
molecules did not change their state but only 4 % would be expected, assuming that all
molecules are equal and switch with the same average switching rate as the active ones.

reconstruction of the Au(111) surface either. Consequently, the reason for the observed changes in
activity is unknown.

Now, after pointing out two effects of correlation between the molecules and showing that the
molecules are apparently not equal, it appears unlikely that a simple time constant approach, which
assumes uncorrelated behavior of all molecules could yield any sensible results.

4.5.6. Distribution of switching events

Although chapter [4.5.5| shows that not all molecules are equal, it was demonstrated in chapter #.5.4]
that there is no order in the pattern of dark and bright molecules. Independently, it is interesting to look
at the spatial distribution of switching events, where correlated processes still might be found.

To make the switching events more visible to the human eye, difference movies were calculated
as demonstrated in Fig. 4.19] From every frame of the movie, the preceding frame was subtracted,
yielding values close to zero for unchanged molecules, a positive value for molecules switching from
dark to bright (red in the colorscale of the figure) and a negative value for molecules switching from
bright to dark (blue). When looking at these movies, there is obviously a lot of activity close to all
the defects (as identified in Fig. 4.14), but in the unperturbed regions a completely different picture
emerges: Most of the switching events are not isolated but very often an event from dark to bright and
one in the opposite direction happen in close vicinity (blue and red areas next to each other).

To quantify this observation, the distances between switching events of opposite directions were
measured (Fig. [4.20] (b)) and compared to the corresponding random distribution (chapter [3.6.5)).
Obviously, the measured and the random distribution disagree. There is a strong preference for close
switching events of opposite direction, which reflects the observation made by eye on the difference
movies (Fig. [4.19). The molecules behave as if the state of one molecule could be transfered to a
neighboring one, which is an interesting observation. This kind of hopping is compatible with the
presence and the motion of gold adatoms underneath the molecular layer which, when underneath the
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Figure 4.19.: Creating difference movies: (a) and (b) are two subsequent STM images taken from a
movie with 81 s/frame, Usgmpie = 884 mV, I =0.14 nA, T =300 K. (c) is the difference
(b) - (a). In this colorscale red means switching from dark to bright and blue switching
from bright to dark. (d) another difference frame between other subsequent frames of the
same movie but with a higher switching activity. The hatched areas are excluded from
the analysis because of their proximity to defects.

molecule, make it appear bright (chapters {.6|and [4.8)).

As will be explained in chapter[4.5.7] cascade events are observed. This means that over several
frames, a very low switching activity is measured (like in Fig. @l (c)) but rarely, between two
subsequent frames, many molecules switch next to each other (Fig. @l (c)), which is called a cascade
event. They can also be captured with a similar statistic (Fig. @l (c) and (d)). In these graphs, the
distances between switching events of the same direction are measured and compared to the same
random distribution. Also in this case a preference for close events can be observed, which can be
understood by the nature of a cascade, where many events happen in a certain sample region, whereas
in others no events can be observed. Therefore, the switching events are not randomly distributed.
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Figure 4.20.: Distance distribution between switching events for the movie of Fig. (a) Schematical
drawing of a difference movie with the typical colorscale where red indicates switching
from dark to bright and blue the other direction. The arrows indicate the distances
measured for (b). (b) distance distribution between switching events of opposite direction
compared to the random distribution. (c) and (d) show the distance distribution between
down switching events and up switching events, respectively. The random distribution is
explained in chapter and [60]. In this figure, the errorbars indicate the /N counting
errors and the distances are measured in units of the nearest neighbor distances (NN) of

the molecular lattice.

Furthermore it was tried to find variability patterns in the switching molecules by performing a
principle component analysis (chapter in smaller portions of the data. Typically four by four
or six by six patches of molecules were extracted from a movie and analyzed. Although in many
cases, there were few eigenvalues explaining a larger portion of the observed variance, no statistically
significant conclusions could be found. In particular, when performing the analysis only on half of the
movie, it was not possible to obtain any valid predictions for the second half. This means that probably
the amount of data is not sufficient to draw significant conclusions about correlation patterns in the

molecular layer.

As a conclusion it was found that switching events can in principle happen in random locations on
the surface (besides at inactive molecules as described in chapter 4.5.5)), but the events of opposite
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switching direction are coupled together, presumably due to adatom motion underneath the molecular
layer, which makes these events happen in close vicinity. Additionally, cascade events can occur, where
in a certain area, many switching events can be registered, followed by a longer period of time without
any switching events.

4.5.7. Number of up and down switching molecules
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Figure 4.21.: Distribution of up and down switching events for a movie with the image parameters
42 s/frame, Usampte =302 mV, I =0.11 nA, T = 300 K. (a): number of switching events
in both directions and their difference as a function of the frame number. (b) and (c)
show the histograms of the event numbers for both directions together with the Poisson
distribution with the parameter A, obtained by simply averaging all data points. (d) shows
a similar histogram for the difference, this time compared to a Skellam distribution. All
errors are the /N counting errors and P values can be found in the respective legends.

If the switching events were occurring at random times, one would expect that the number of
molecules switching from dark to bright as well as the number of molecules switching in the opposite
direction between every pair of subsequent frames are Poisson distributed. To verify whether this
situation is met in the measured data, the number of switching events in both directions were counted
for every movie and plotted as histograms together with a Poisson distribution with A obtained from
simply averaging the event numbers. An example can be found in Fig. #.21} In (b) and (c), the
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measured distribution and the theoretical Poisson distribution disagree, which is also reflected in a very
low P value (chapter[3.6.7). Obviously this mismatch cannot be fixed by a better choice of the scale
parameter A, because a smaller A would be needed to match the distribution maxima, but a larger A
would be needed to match the broader measured distribution. Consequently, the number of up and
down switching molecules are not Poisson distributed.

Interestingly, for the majority of the movies, when calculating the difference between the number of
up and down switching events and plotting it as a histogram, the Skellam distribution, which is the
difference distribution of two Poisson processes (chapter [3.6.6), with the two respective means from
the original data fits the histogram quite nicely, producing a considerably high P value of P ~ 0.5 in
Fig. #.21](d). Apparently, the numbers of switching events (Fig. 4.21] (b) and (c)) are not randomly
distributed, but their difference is (Fig. F.21] (b)).

This can be understood as follows: There is always thermal random switching, with a rather low
activity and on top of this, between few frames, many molecules switch in one direction and about
the same number of molecules switches in the opposite direction (cascade events). These cascade
events lead to a deviation from the Poisson distribution when considering the histogram for switching
in either direction. However, as in the cascade events the number of up and down switching events are
almost equal, they cancel out when calculating the difference distribution. What stays behind and is not
canceled out is the contribution from the thermal random switching, which is convincingly explained
by the Skellam distribution.

It is important to note that as this analysis is based on the number of switching events only, there is
no unambiguous way of exploiting it to clearly separate between cascade and random switching events.

Fig. .21] (a) reminds of the hopping activity observed in [98] where the diffusion of H atoms on
FeO is studied. The authors of this paper plot the number of hopping events as a function of the frame
number of their movie and observe, similarly to the here analyzed switching events, that over many
frames almost nothing happens, but between some frames a high activity is observed. This also leads to
a clear deviation from a Poisson distribution, which would be expected for thermally activated hopping.
It is then demonstrated that the diffusion is actually triggered by the presence of water molecules
which, when present, activate the motion of the hydrogen without being visible to the STM. Another
example of hopping triggered by an additional particle was described in [99,|100], where the motion
of indium atoms, embedded into the surface layer of Cu(001) is studied. The authors find that the
motion is actually triggered by diffusing vacancies within the surface layer, which move so fast that
they cannot be imaged in STM. They observe that nearby indium atoms are likely to move in between
the same frame, i.e. when a vacancy passes by, which would not be expected when the atoms were
independently hopping by thermal activation.

Based on the similarity with the two systems described above, it is actually interesting to investigate
whether also in the case of the porphyrins, the switching process can be induced by another particle
diffusing across the surface and passing the scanned area at random times. As explained above, water
was observed to trigger the diffusion in [98] and as water is always present in the rest gas of the UHV
chamber it might play a role for the cascade events. To check whether this is true, water was dosed
into the chamber: 10~7 mbar for 60 s, corresponding to a dosage of 4.5 L [101]]. The rest gas spectra
before and while dosing can be found in Fig. #.22] (a) and their difference in (b). Before the dosing,
the chamber has a typical UHV rest gas spectrum with some contributions from H, H,, OH, H,O and
N,. While dosing, there is a large increase in H,O and all related fragments like H, H,, OH and O,
which shows that the dosed water vapor was very clean. The total dose was 4.5 L. Assuming a sticking
coefficient of 1, a coverage of 4.5 ML would be expected. Of course this sticking coefficient is not
met in the real experiment and is presumably much lower, but nevertheless every porphyrin molecule
encounters a water molecule several times during the exposure.
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Figure 4.22.: Mass spectra before and while dosing 10~7 mbar H,O on the Bry TPP covered Au(111)
surface (a), the red curve is slightly shifted up for clarity. (b) shows the difference between
both curves. The molecules at the indicated masses are: 1: H, 2: H,, 17: OH, 18: H,O,
28: Ny, 32: O, 40: Ar.

The behavior of the switching porphyrin molecules was compared before and after the dosing.
The only apparent change was that the amount of bright porphyrins had changed from (13 +1)% to
(19+3)% indicating that the water had some effect on the molecules. However, no increase in the
number of switching events could be detected (3.84 - 10~ events per molecule and s before, compared
to 3.59- 10~* events per molecule and s after the dosing). This can mean two things: either H,O does
not increase the switching rate and has only an influence on the amount of bright molecules or it did
not stay on the surface in sufficient amounts after termination of the exposure.

4.5.8. BryTPP on Ag(111)

As described in the previous chapters, the behavior of BrsTPP on Au(111) is quite complex. This is
due to the nature of the molecule itself, but certainly also the particular structure of the Au(111) surface
plays a role in this context as the molecules have the possibility to adsorb in a multitude of different
regions of the herringbone reconstruction: The fcc and hep regions, the ridges and the elbows. As can
be seen in Fig. f.13|there is a different distribution of dark and bright molecules between the fcc and
hep regions. Ideally one would have to do the statistical evaluation separately for each of these regions
in order to obtain unbiased results of general validity, but this approach has not proven successful
because the statistical significance would be lowered so much that no clear conclusions can be obtained.
Therefore it was tried to reduce the complexity of the system by changing to a simpler surface, namely
Ag(111), which shows no reconstruction but is more reactive than Au(111)[50]. Previous studies of
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Bonding type center-center distance
Cc-C 1.646 nm
C-Ag-C 1.906 nm

C-Br-Ag-C 2.135 nm
C-Br-Ag—-Br-C | 2.367 nm

Table 4.2.: Center - center distance of two TPP units bound together with different possible atom
configurations in the gas phase. The calculations have been performed using the Hyperchem
7 package and the MM+ force field.

TPP on Ag(111) ([70, 76, [72]) did not find any evidence for dark and bright states and consequently
also not for switching, but the brominated version was never investigated on this surface before.

The molecules were evaporated on the clean Ag(111) surface, held at room temperature, exactly as
in the case of Au(111). Images of the surface for increasing coverages can be found in Fig. In
(a) the coverage is quite low, the terraces are essentially free of molecules and just some molecules
can be found at the step edges, but the molecules assemble differently than in the close packed islands
observed on Au(111). Here the molecules apparently bind together via their phenyl legs, which reminds
very much of the covalent linking of TPP molecules investigated in [[L0] and the dimers from chapter
The fact that close-packed islands cannot be found can have two causes: either all the Bry TPP
molecules are locked up in this bound state or they still exist on the terrace but at a low coverage,
where they are diffusing at room temperature or being dragged around by the STM tip and therefore
are invisible to the STM. In (b), more molecules were dosed on the surface, leading to an increased
coverage of molecules in this bonded structure. As the silver terraces on this image appear to be higher
than the pores inside the bonded structure, obviously there is a two dimensional molecular gas [102].
By further increasing the dosage of molecules in (c), no qualitative change of the surface can be found.
Only in (d) where even more molecules had been dosed, close-packed islands can be found besides the
bound structures.

Bias-dependent imaging of the BrysTPP molecules in the close-packed structures (Fig. {.24) shows
that on Ag(111), the molecules display only one state and that its appearance does not depend on the
bias voltage (unlike on Au(111), Fig. #.12). Therefore no switching occurs on a flat, unreconstructed
surface.

A very similar system has been investigated in [82] at low temperatures, where a tautomerization
can be observed upon stimulation with the STM tip. Probably the tautomerization barrier is so small,
that rapid tautomerization is taking place at room temperature, making it impossible to distinguish the
two tautomers in our measurements.

The bonding of the molecules at room temperature without additional heating is interesting. In
principle the interaction could be covalent linking as in [[10]] or a metal coordination bond involving
an adatom as in [103]. As no such bonding has been observed in the case of TPP on Ag(111)
(170, [76} 72, 182])), the Br atoms have to play a role in this context. One way of judging which type of
bonding is present on the surface is to compare the measured bond length (Fig. 4.25) with gas phase
calculations of the different possible types of bonding between two TPP units (Tab. {.2)). The average
bond length of the smaller structures in Fig. (a) of (1.8940.07) nm matches very closely the gas
phase bond length of two TPP units coupled with a C — Ag — C bond of 1.906 nm and clearly deviates
from the C — C bond length of 1.646 nm.

Obviously, the BrsTPP molecules are behaving differently on Ag(111) than on Au(111). The
catalytic activity of the silver surface lowers the dissociation barrier for Br atoms so much [51] that they
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Figure 4.23.: Overview images of BrsTPP on Ag(111) at room temperature for different coverages.
(a): Ag(111) surface with 1.1Hz of molecules (37.5 x 37.5 nm?, Usampre = 0.88 'V,
I =0.13 nA, T =300 K). (b): The same surface but with an increased amount of
molecules of 1.78 Hz (62.5 x 62.5 nm?, Usampte =0.83 V, 1 =0.12 nA, T = 300 K). (c):
Further increased coverage of 2.3 Hz (37.5 x 37.5 nm?, Usample =0.83 V, 1 =0.14 nA,
T =300 K). (d): Higher dosage of molecules, for the first time close packed islands are
visible (62.5 x 62.5 nm?, Usampie = 0.83 V, 1 =0.21 nA, T = 300 K).

get split off already at room temperature, leaving behind an activated site. At this site, a silver adatom
can be bound, which is present on the surface at room temperature. The presence of the activated site
is crucial for the described structure as no metal coordination networks were found when using the
TPP molecules on the same surface [70} (76, [72, [82]]. It would be an interesting experiment to anneal
the surface after deposition in order to find out whether direct C — C bonds are obtained at higher
temperatures.

In Fig. [4.25] (b), a more complicated structure can be found, consisting of horizontally aligned
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Figure 4.24.: Bias dependence of Br4TPP in a close packed structure on Ag(111). (a): Usampie = 0.37V,
(b): Usampie = 0.86 V, (¢): Usampte = 1.32 V, (d): Usampre = 1.58 V. The other image
parameters are 25 x 25 nm?, I = 0.14 nA, T = 300 K. The strong thermal z-drift of the
instrument was corrected in these images by subtracting its median value from each scan
line.

molecular chains. These chains have a porphyrin - porphyrin distance of (1.98 4 0.05) nm, which is
slightly larger than in (a) but still lies sufficiently close to the expected bond length for C — Ag — C.
The distance which is indicated by the broken arrow in the figure has a value of (2.6 £0.1) nm. As
this cannot be identified as one of the distances from Tab. .2} the presented structure must be a close
packed stacking of metal coordination bonded TPP chains.

In chapter[d.7] covalently bound TPP structures are investigated on Au(111). Their center to center
distance of (1.74 +0.08) nm corresponds to the calculated value of the C — C bond in Tab. and
is clearly different from the values measured here, which is a further hint that something different is
happening on this surface.
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Figure 4.25.: Bonding distances of BryTPP on Ag(111) at room temperature. Molecular structures can
be found in both images, gray circles symbolize the silver atoms. (a): The average center
to center distance between two porphyrin units is (1.89 4 0.07) nm (image parameters:
8.75 x 8.75 nm?, Usampte = 0.83 V, I = 0.11 nA, T = 300 K). (b): Molecules in a
network structure with two types of lengths. The average of the bond marked with the
solid arrow is (1.98+0.05) nm and of the broken arrow (2.640.1) nm (image parameters:
12.5 x 12.5 nm?, Uggmple = 0.83 V, 1=10.12 nA, T =300 K).

A further argument for the metal coordination bond can be found in Fig. #.26] where two images of
the same area are presented. They have been recorded with a time difference of 2h 30min. In the mean
time, many other images have been recorded, covering a large range of bias voltages. It is apparent that
during that time, some of the molecules have been changing their bonding arrangement from close
packed chains as in Fig[d.25](b) to higher coordinated coordination networks, maybe due to thermal
motion, maybe due to the presence of the STM tip and that new bonds between the molecules have
formed. As such a behavior is not expected to occur in the case of covalent bonding, this finding
strongly supports the theory of a metal coordination bond. However, the formation of the networks is
not terminated yet, not all molecules are coordinated to four others but this might be observed after an
even longer waiting time. Apparently the formation of these network happens at room temperature
on a timescale which can easily be followed by STM and could be an interesting object for future
investigations.
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Figure 4.26.: Time dependence of bonded structures of BryTPP on Ag(111) at room temperature.
Image (a) (62.5 x 62.5 nm?, Usampie = 0.88 V, I = 0.14 nA, T = 300 K) has been taken
2h 30min before image (b) (62.5 x 62.5 nm?, Usgmpie = 0.83 V, I =0.12 nA, T =300 K).
In between, 25 images with voltages of —1.58 V' < Ve < 1.54 V have been recorded.
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4.6. Manipulation

It was shown in chapter 4.4] that the TPP molecules on Au(111) can be found in a dark and in a bright
state and in chapter [4.5]they were shown to reversibly switch at room temperature. From the analysis
of the distance between switching events of opposite direction (chapter 4.5.6) and from the theory
results, which are presented in chapter 4.8] there is some evidence that the origin of the bright state
involves a gold adatom siting underneath the molecule and is not caused by a transition between a flat
and a saddle shape conformation of the TPP molecules [8, 9]]. To collect further evidence for either
possibility, low temperature switching experiments of the molecules have been performed which are
presented in this chapter.

It is demonstrated that switching TPP molecules between their dark and bright state can also be
induced with the STM tip by applying voltage pulses (Fig. [4.27). Switching from bright to dark
occurs with high efficiency while the opposite direction can also be induced in the same voltage range
but happens only so rarely that no meaningful statistics about its occurrence could be made. This
observation favors the adatom theory, because when switching from bright to dark, a present adatom
has to leave the molecule in some way, which should be easily achievable, but when switching from
dark to bright, an adatom needs to be available nearby, which is not expected at low temperatures of
5K.

4.6.1. Switching voltage threshold

At first, the voltage threshold for the switching process from bright to dark is determined. Therefore,
the STM tip is positioned above a bright molecule and the bias voltage is ramped up until the molecule
is switched to dark, the voltage at which the switching event occurred is recorded and added as a new
value for the histogram presented in Fig. (d). As is apparent from the histogram, the switching
happens at voltages above around +2 V. However, when inspecting the appearance of the molecules
at 2V in Fig. 4.5] it is impossible to distinguish the different states at these voltages. Therefore, it
is necessary to apply a series of bias pulses with increasing voltage to the molecule and to return to
—1V in between to test whether a change has occurred or not. This experiment is shown in[4.27] (e),
where an abrupt change in the tip height after applying a —2.15 V pulse clearly indicates that a change
occurred in the molecule. The switching process is reversible but happens only so rarely from dark to
bright (chapter [4.6)), that practically the switching needs to be treated as irreversible and the statistics
for the bright to dark direction have to be done with a new molecule for every switching attempt. An
equivalent threshold histogram for the switching from dark to bright could not be obtained because of
the rare occurrence of these events described above.

When comparing the onset of the switching in Fig. 4.27] (d) with the position of the molecular
orbitals of the bright TPP molecules in Fig. 48] they apparently disagree. Consequently, the switching
process cannot be a resonant tunneling into a molecular orbital [104]. Also the symmetry of the
switching threshold with respect to the applied tip bias points to this conclusion, as the molecular
orbitals are not symmetrically aligned with respect to the Fermi energy.

The origin of the switching mechanism could not be revealed by these measurements, only resonant
tunneling into the molecular orbitals could be excluded and further measurement would be needed in
order to gain a better insight. It would be interesting to investigate how many electrons are needed
to trigger a switching event as in [40]. If more than one electron is needed, this could point to an
excitation of molecular vibrations, which then induce the switching. Alternatively, if no electrons are
needed, the switching could be induced by the electric field between tip and sample as observed in
8], 38]].
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Figure 4.27.: Images (a) - (c): reversible switching of TPP on Au(111) induced by the STM tip:
12.5 x 12.5 nm?, Uip=—1V,1=0.31nA,T =5.6 K. Voltage pulses were applied at
the positions marked with a red cross with the following parameters: (a) 0V to —1.7 V,
(b) 0V to —1.8 V. (d) Threshold voltage for tip induced switching from the bright to the
dark state. (e) determining the switching threshold voltage from bright to dark with a
series of bias pulses at a current of 0.26 nA.

4.6.2. Creating adatoms

It is known from literature, that adatoms can be created on Ag(111) by dipping the tip of the STM into
the surface [105]] and that Au adatoms are stable on Au(111) at low temperatures [106]]. It was tried
whether direct creation of gold adatoms in the vicinity of TPP molecules on the surface can be used to
switch them from dark to bright easily.

Creating adatoms on Au(111) by crashing the STM tip was found to be relatively easy to do. Good
results were obtained using a tip voltage of 3 V and an indentation of 3 nm from the normal tunneling
conditions. However, it was found that the amount of adatoms depends on the indentation speed of the
tip. The highest numbers of adatoms were obtained when the indentation is done as fast as the STM
electronics allows. Nevertheless, the number of created adatoms is not predictable and, using the same
parameters, varies drastically from attempt to attempt.

Fig. [#.28|shows a typical example of such tip crashes. The STM images (a) - (c) show the unperturbed
surface, where (b) and (c) are detailed zoom-ins into (a). (d) - (f) show the same areas, respectively,
after two tip crashes at the positions marked with a red cross. In (d) can be seen, that many adatoms
have been created (they have an apparent height of =~ 100 pm above the gold surface) which are now
situated on the terrace and apparently, several TPP molecules in ordered islands have switched from
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Figure 4.28.: Switching TPP molecules from dark to bright by creating adatoms in their vicinity using
tip crashes. (a) - (c¢) Surface area before the tip crash, (d) - (f) after two tip crashes
(Usip = 3 V, 3 nm indentation from tunneling conditions) at the indicated positions.
Bright molecules were created. The white rectangles in (a) and (d) indicate the positions
of (b), (¢), (e) and (f). Image parameters: (a) and (d) 58.9 x 58.9 nm?, the others images
17.5 x 17.5 nm?, all other parameters: U;, = —1V,1=0.18 nA, T =5.7K

dark to bright (e,f). They look exactly like the bright molecules which have been on the surface before.
It was mentioned in chapter [4.6] that switching dark molecules to bright by applying a voltage pulse
only happens very rarely, probably due to a lack of available adatoms. In the present example, several
molecules were switched to bright in a distance of more than 30 nm from the point of indentation
which would not be expected to happen when applying only a voltage pulse of 3 V at the same position
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without touching the surface. This experiment shows that the availability of adatoms from the tip crash
facilitates switching from dark to bright, which is a strong indication that adatoms play a role in the
switching process and for the existence of the bright molecular state.

4.6.3. Manipulation of TPP on and off adatoms

In order to obtain a direct proof that an adatom is present underneath the bright TPP molecules, lateral
manipulation experiments were performed in which it was tried to separate bright TPP molecules from
the potential adatom underneath or, the inverse experiment, pushing a dark molecule on an artificially
created adatom to make it switch to the bright state.

The first experiment was to switch bright molecules to the dark state by a voltage pulse (just as
shown in Fig. .27)). If there is an adatom underneath the bright molecules but not underneath the dark
ones, it would be expected that this adatom leaves the molecule when switching it to the dark state. It
was tried intensively to find this adatom after switching molecules from bright to dark, but no adatoms
were ever found by this method. Besides the switched molecule, the STM images before and after
inducing the switching look identical. Therefore the tip apex cannot have changed while applying the
voltage pulse and consequently, no potential adatom is transfered to the tip. It still has to be present on
the surface. However, as it is not found on the gold surface surrounding the molecule, it can only be
still underneath the molecule, possibly in a different position, or not existing.

Subsequently, the molecule was moved away from its original position by lateral manipulation, but
also here, no adatoms were found afterwards. Consequently, if the adatom theory is true, the adatom is
probably still underneath the molecule and moving with it during lateral manipulation, but not in the
position where it leads to the bright appearance of the molecule. Pushing dark TPP molecules onto
artificially created adatoms on the terrace was not successful and can thus not be used to proof the
adatom theory.

It was found out that if bright molecules are situated above the elbow of the herringbone reconstruc-
tion (which is frequently the case), it is possible to manipulate the molecule away, an adatom being
stabilized on the elbow site [[107] stays behind and very often, the molecule switches to the dark state.
Such a situation can be found in Fig. [4.29] where the bright molecule is manipulated away from the
elbow in (a), leaving behind an adatom and switching to dark. The adatom has an apparent height of
72 pm which fits to the adatom height of 100 pm observed in chapter[d.6.2] After being pushed back
onto the adatom in (b), the molecule is found in an unresolvable state (c). Taking a dI/dV spectrum
over the molecule, reveals that it is switching after the first sweep to the bright state again, which is
also confirmed by STM imaging in (d). It seems as for revealing the presence of an adatom, it has to be
anchored on the surface, as in this case on the elbow of the herringbone reconstruction, otherwise it
moves together with the molecule.

However, when pushing the molecule away again it turned dark and a pointlike structure is staying
behind (e) which has an apparent height of 10 pm only, and therefore clearly deviates from the adatom
height. Another occurrence of the observation is presented in Fig. .30 where a bright molecule is
being pushed away from an elbow site, a pointlike structure with a height of 17 pm is staying behind
exactly at the former molecular center, but the molecule stays in the bright state. Due to their similar
height, these two structures probably have the same origin. Presumably, they are just the apex of the
dislocation at the elbows of the herringbone reconstruction [[108]], which would mean that a potential
adatom is not bound as strongly at the elbow site.

It is known from previous studies [94} [109], that a removal of atoms from the surface, regardless
whether it is done by the STM tip or the interaction with adsorbates, leads to a restructuring of the
surface reconstruction, resulting in a different distribution of the herringbone ridges. As in the presented
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Figure 4.29.: (a) - (e) Lateral manipulation sequence of a bright TPP molecule adsorbed on an elbow
site. Red arrows indicate the manipulation path, manipulation parameters: Uy;, = 10 mV/,
I =50 nA. Image parameters: 11.1 x 11.1 nm?2, Uip =—1V, I =86 pA, T =58 K. (f)
shows dI/dV spectra taken above the molecule in the indicated image.
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Figure 4.30.: Lateral manipulation of a bright TPP molecule situated on an elbow site of the herringbone
reconstruction. The red arrow in (a) shows the manipulation path (U;;, = —30 mV,
I =50 nA). The lower part of this image was not scanned. In (b), the molecule has moved
and a pointlike structure with a height of 17 pm stays behind exactly at the former center
position of the molecule (white arrow), but the molecule stays in the bright state. Both
image parameters: 7.3 x 7.3 nm2, Uip=—1V,1=0.1nA,T=5.7K.

experiments, the reconstruction lines appear to stay unperturbed in the presence of the molecules, the
adatoms underneath the molecules cannot be pulled out of the first surface layer, but rather must have
been mobile adatoms coming from the surrounding step edges.

The experiments of this chapter clearly confirm the presence of an adatom underneath the bright
TPP molecules. As shown in Fig. [4.29] a bright molecule can be displaced laterally and switches to
the dark state. During the manipulation, a bias voltage of U;;, = 10 mV was applied, which would not
lead to a switching of the molecule when applying a voltage pulse (Fig. (d)) and indicates that
a different process is happening. At the former center of the molecule, an adatom is staying behind
which is identified by its typical height. Furthermore, when pushing the molecule back onto the adatom
and taking a spectrum, the molecule is switched back to the bright state, which could almost never be
observed when applying voltage pulses (chapter [4.6) on dark molecules and confirms that an adatom
needs to be present for facilitating switching in this direction. However, it seems that this process is
only possible when the adatom is trapped on the surface, as in this case at the elbow of the herringbone
reconstruction, otherwise it just moves with the molecule. But also at the elbow sites, the trapping is
rather weak and does not always succeed in keeping the adatom at its position (Fig. .30).
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4.7. Covalent assemblies

Until now, the TPP molecules have only been investigated in close-packed islands or, as in chap-
ter 4.5.8] in presumably metal coordinated bonding arrangements on Ag(111). However, bromine
functionalized TPP molecules can be covalently assembled into dimers, chains or two dimensional
networks, depending on the number and position of the bromine substituents [[10]. As will be seen,
switching in covalently bound arrangements is still possible on Au(111) and it is interesting to look
on the differences of the switching process between close-packed and covalent arrangements of TPP
molecules.

4.7.1. Creation of dimers

e

Figure 4.31.: Schematic representation of the on-surface synthesis method [[10]]. In (a), three types of
TPP molecules are presented, each functionalized with bromine atoms drawn in orange.
Upon annealing of these molecules, typically at about 250°C, the bromine is split off (b),
leaving the TPP molecules behind with unpaired electrons in the former position of the
bromine atoms. As these activated molecules continue to diffuse on the surface, covalent
bonds between molecules can be formed when sites with unpaired electrons meet (c).
Depending on the initial number and position of the bromine atoms, different structures
can be obtained, dimers in the first, chains in the second and two dimensional networks
in the third row.

The simplest covalent structure are dimers of TPP molecules. They can be created on the surface
by the method of on-surface synthesis [10, /93] [110]. TPP molecules functionalized with one bromine
atom are evaporated onto a clean Au(111) surface at room temperature. As the carbon — bromine bond
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Figure 4.32.: Typical STM images of TPP dimers on Au(111). In the large scale image (a) a large dimer
island can be found as well as many smaller islands in the surroundings (49.2 x 49.2 nm?,
Uip = =13V, 1=0.61nA, T =5 K). (b) shows single dimers and clusters of dimers.
Each side of the dimers can still adopt the dark and bright state (22.0 x 22.0 nm?, Uiip =
—13V,1=0.61nA,T =5K).

is the weakest bond in the molecule, heating the surface to the dissociation temperature (about 250°C)
selectively removes the bromine atom and leaves the molecule behind with an activated site. As the
molecules continue to diffuse, two activated sites can meet and form a covalent bond between the
molecules (Fig. @.31).

Typical low temperature images of the surface after the formation of dimers can be found in Fig.
@ The dimers form large islands (a), but also single molecules and small clusters can be found (b)
and rarely, even unconnected monomers. As these images clearly show, each side of the dimers is
still capable of adopting the dark and bright state, which was also observed for the single molecules
(chapter [4.4)). In chapter [d.7.4]it is demonstrated that at room temperature, the distribution of dark and
bright dimer sides is completely random.

Bias dependent images have also been recorded (Fig. #.33)), which look very similar to the ones of
the monomers (Fig. 4.5)) and also show a strong dependence of the STM image contrast on the applied
bias voltage. As for the monomers, the contrast difference between the dark and bright dimer sides
is also strongest at U;;, = —1 V. Due to these similarities, the dark and bright state has probably the
same origin both, for dimers and monomers.

The center to center distance between the two porphyrin units is (1.74 +0.08) nm as measured from
STM images. By comparison with the values given in table it can be concluded that, as expected, a
covalent bond was formed between the two TPP monomers.

4.7.2. Switching of single dimers

As the two sides of the dimers are still able to adopt the dark and bright state, it was also tried to switch
them by applying voltage pulses with the tip of the STM. It was found that the dimers behave very
similar to the monomers, they also switch easily, in about 95% of the attempts, from bright to dark
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Figure 4.33.: Bias dependent imaging of TPP dimers. The tip voltages are given in the images, the
other imaging parameters were: 10.7 x 10.7 nm?, I =0.35nA, T =5 K.
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Figure 4.34.: Switching TPP dimers on Au(111). Between the two images, a voltage pulse from 0 V
to —2.3 V was applied over the bright molecule marked in (a) with the red arrow. In the
subsequent image (b), this molecule has changed to the dark state. Two-dimer islands
are studied in chapter[4.7.3] One of them is marked in (a) with a red circle. The imaging
parameters of both images are: 20.7 x 20.7 nm?, Uip=—-13V,1=0.61nA,T=5K.

when a voltage ramp from 0 V to 2.3 V was applied (Fig. [4.34), but switching in the other direction
happens so rarely, that no meaningful statistic could be obtained.

In order to find out whether a correlation exists between the states of the two switching units in a
dimer, the experiment presented in Fig. [4.35| was performed. Voltage pulses, which almost certainly
(with 95% probability) switch the porphyrin unit underneath the STM tip from bright to dark were
applied over one side (B) of the dimer, indicated by a red cross in the figure. It is important to note that
the other side in the dimer (A) always was in the bright state. Now the probability was determined with
which A was switched to dark. All possible combinations and their respective probabilities are shown
in the figure and it turns out that the state of B does not have any influence on the switching probability
of A because, within the margin of error, the switching probabilities are equal.

Another way of testing for a potential correlation is the experiment shown in Fig. .36] It is very
similar to the one described above: The probability of switching A is determined in dependence of the
state of B, but this time, the pulse is not applied over the molecules but over the bare metal surface in
the same distance from A as before. Again, the switching probabilities of A are within the error bars
identical, regardless whether B is bright or dark.

Hence, no communication between the two sides of the dimer could be found when inducing the
switching with a voltage pulse. As the bright states requires the presence of a gold adatom underneath
the molecule (chapters [4.6.3]and {£.8.1)), it could be expected that the adatom hops to the other side of
the dimer when applying the voltage pulse and thereby switching it to the bright state. However, this
does not seem to be the case. But as was demonstrated in chapter[4.6.1] also in the case of the monomer
switching, the adatom is never found in the surroundings after the voltage pulse, which probably means
that it is still underneath the molecule. This could also be the case for the dimers, the adatom simply
stays underneath the dimer side which was bright before the pulse and is not moving to the other side.
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Figure 4.35.: Switching statistics for single TPP dimers on Au(111). Voltage pulses from 0 to 2.3 V
were applied on the positions marked with the red cross. TPP units in violet symbolize
the bright molecular state, dark blue the dark state.
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Figure 4.36.: Switching statistics of an experiment similar to the one in Fig. The only difference
is that the pulse supposed to switch A was applied over the metal surface, at the indicated
position, in the same distance from A as the distance between A and B. The colors are
identical to those in Fig.

4.7.3. Switching of dimers in two-dimer-islands

The red circle in Fig. .34 marks a two dimer island formed by two close-packed dimers. This sort
of molecular arrangement can be found quite frequently on the surface and is interesting to study in
terms of switching because it contains four switchable porphyrin units in similar distances. Every TPP
unit has one covalently bound neighbor and one or two close-packed neighbors which are slightly
closer than the covalently bound ones (the exact dimensions can be found in Fig[#.37). This particular
arrangement can be exploited to find out whether a the different type of bonding has an effect on the
switching probabilities of the switching units.

The experiment which was performed on these two dimer islands is shown in Fig. #.37] Only islands
with both outer TPP units dark and the inner ones bright were used. Over one of the outer units, a
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(18£6) % (65+13) %

Figure 4.37.: Switching statistics of two dimer islands. The indicated dimensions are a: (1.7240.1) nm
and (b): (1.42+0.06) nm. The colors and pulse parameters are the same as in Fig.
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Figure 4.38.: Summary of Fig. and Fig. The lower row shows the probability of switching
the molecule underneath the tip, independently whether the other dimer in the island
switches or not.

voltage pulse was applied in the same way as for the single dimer experiments. The probabilities for
the different outcomes were derived and can be found in the figure. It turns out that switching only the
covalently bound (10+5) % or the close-packed neighbor (18 +6) % has, within the error bars, the
same probability, but the most likely event to happen is that the complete two dimer island is switched
to dark (65+13) %.

These results indicate that also different bonding mechanisms (covalent vs. close-packing) do
not lead to communication between the switching units. As explained already in chapter #.7.2] the
voltage pulse probably does not remove the adatom from underneath the porphyrin unit, which is
probably the reason why there is no communication between the two sides. It is however instructive
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to compare the results obtained for the single dimer case with the one from the two dimer islands
(Fig. 38)). Applying a pulse over the dark side of a single dark — bright dimer switches it to dark —
dark with a probability of about ~ 34 %. The presence of a second dimer next to it, regardles of its
state, increases this probability to ~ 75 %. This effect could not be explained so far and would require
additional investigation. However, it shows that the switching process is influenced by the atomic-scale
environment of the molecule.

4.7.4. Room temperature switching of dimers

120

® o Measured data
— Binomial distrib.
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Figure 4.39.: TPP Dimers at room temperature. (a) shows a single frame out of a movie of TPP dimers
on Au(111) (33 s/frame, Usample = 884 mV, I = 0.03 nA, T = 300 K). The dimers
are marked with black lines, the other colors are the same as in Fig. @.14] In (b), the
occupation distribution of the dimers in (a) can be found together with the corresponding
binomial distribution. The errorbars are the v/N counting errors.

The thermal switching of the dimers was also investigated at room temperature, which required a
special sample preparation. As described in chapter[d.7.1] the dimers are formed by evaporating Br
functionalized TPP monomers onto the surface, followed by a thermal activation. For room temperature
measurements, a complete monolayer of molecules is required to prevent them from rapid surface
diffusion. Such a monolayer is not easily achievable. Even when dosing several layers of monomers on
the surface, after the thermal activation at 250°C, only a submonolayer of dimers stays on the surface,
because at elevated temperatures, the desorption rate of the molecules is increased as well. Due to
its rapid diffusion, the submonolayer cannot be imaged by STM. This problem could be solved by
evaporating monomers after the thermal activation step again until the monolayer was completed. Both
the dimers and the monomers segregate on the surface into single species domains, which can be
investigated separately and therefore facilitate the experiment.

A typical image of TPP dimers on Au(111) can be found in Fig. #.39|(a), where additionally to the
normal colorcode, the dimers are marked by a black line. The size of the molecular island is not as
big as in the case of single TPP, which is probably a result of the preparation parameters. Similar to
the single TPP molecules (chapter .5.3)), a high switching activity can be observed close to domain
boundaries, step edges and point defects and therefore also in the case of the dimers, a large portion
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of the molecules has to be excluded from the analysis (blue crosses in the image), in order to study
only the unperturbed island. Additionally, the switching rate is lower than in the case of single TPP,
and therefore the total number of observed switching events is much lower, leading to less significant
statistics.

To find out whether the dark and bright states are distributed randomly in the dimers, the number of
bright switching units per dimer was counted and compared to a binomial distribution (equation [3.4)).
The result can be found in Fig. #.39](b). Just as described in chapter[3.6.3] only a single frame can be
used for this analysis because the change between the frames is very small. Obviously, the measured
and the theoretical distribution agree perfectly and therefore, there cannot be any influence of the state
of one side on the state of the other side within one dimer.

Otherwise, the dimers behave exactly as the single TPP molecules. The switching rate increases in
the vicinity of defects, the dwell time histograms cannot be explained by a single exponential function
and many molecules do not change their state over the entire movie.

After describing the TPP dimer experiments both at low temperature (chapters and and
at room temperature in the present chapter, it is found as a conclusion that the different type of bonding
(covalent vs. close-packing) does not affect the switching mechanism. Both sides of the dimers appear
to be independent of each other and behave just like the monomers in close-packed structures. The
presence of adatoms underneath the bright TPP units (chapters 4.6.3]and could not further be
confirmed in the dimer experiments, but also no contradictory results were obtained.
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4.8. Theory
Conformer Total energy (meV) ‘

saddle A 0
saddle B -61
saddle cis 271
planar 472
planar cis 808
saddle/planar mix 204

adatom A 0
adatom B 278
adatom C 222

Table 4.3.: Relative total energies of the different stable conformers of the TPP molecules on Au(111),
resulting from the DFT calculations. The two groups with and without the adatoms are
not comparable in terms of total energy and therefore are offset by a different amount. By
courtesy of Felix Hanke and Mats Persson (University of Liverpool).

In order to understand the origin of the dark and bright molecular state (chapter [4.4.T]), but also of
the heated form of TPP molecules (chapter [#.4.4), density functional theory (DFT) calculations have
been performed by Felix Hanke from the group of Mats Persson in the University of Liverpool. Their
results are presented here in comparison with the experimental findings presented before.

The calculations were done with the VASP code [[111]], using vdwDF [[112] in the implementation
from [[113]] and the PBE exchange functional [114)]. From the DFT results, STM images were calculated
with the Tersoff-Hamann method [22] using the implementation described in [[24].

4.8.1. The dark and bright state of TPP on Au(111)

The principle goal of this combined experimental and theoretical study was to understand the origin of
TPPs dark and bright state on Au(111), then investigate the switching mechanism and eventually to
find a way of how to couple the molecules together, such that a cooperative switching between them
can be observed. Already the first step, namely identifying the molecular configuration for the dark
and bright states, is very difficult.

The first guess was a switching between a saddle shape and a planar porphyrin core as in the case of
[9]], and they could indeed be identified as stable conformations in the DFT calculations. The results
for the saddle shape can be found in Fig. In this configuration, two opposing pyrole rings in the
porphyrin macro cycle are bent up, the other two are bent down, which reduces the symmetry of the
molecular core from four-fold to two-fold. Due to this symmetry breaking, the two H atoms in the
center can be found in two different opposite configurations (saddle A and saddle B), but also in the
saddle cis configuration, where the H atoms occupy neighboring N atoms. From a comparison between
the calculated STM images in the same figure and the measured ones from Fig. [4.5] it becomes clear
that saddle A and saddle B correspond to the dark molecules of the four molecule island in the lower
right corner.

The calculations for the flat conformer can be found in Fig. [4.42] As the flat porphyrin core has the
full four-fold symmetry, the H atoms only have the choice of either being in opposite positions (planar
conformation) or adjacent positions (planar cis). Also a hypothetical saddle/planar mix was calculated.
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Figure 4.40.: DFT + vdW calculations and calculated STM images of TPP in saddle conformation on
Au(111). The three configurations only differ in the position of the central H atoms. By
courtesy of Felix Hanke and Mats Persson (University of Liverpool).
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Figure 4.41.: DFT + vdW calculations and calculated STM images of TPP on Au(111) with a Au
adatom underneath in three different positions. By courtesy of Felix Hanke and Mats
Persson (University of Liverpool).

39



4. Tetra-Phenyl-Porphyrin (TPP)

planar cis saddle/planar mix
i =ty ‘

1
Y
A

top view
B L e D

side view

Sdsererere

20V

-1.5V -1.0V -0.5v 05v .oV 1.5V

2.0V

Figure 4.42.: DFT + vdW calculations and calculated STM images of TPP in two different planar
configurations and one saddle/planar mix on Au(111). By courtesy of Felix Hanke and
Mats Persson (University of Liverpool).
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Figure 4.43.: Experimental and theoretical spectra of TPP on Au(111). (a) shows the measured dI/dV
spectra of the dark and bright state. In (b), (c) and (d) calculated spectra corresponding
to the conformations presented in Fig. #.40] Fig. [4.41| and Fig. [4.42] can be found,
respectively. The voltage scale in (a) has been inverted to allow for a better comparison
with the calculated spectra. By courtesy of Felix Hanke and Mats Persson (University of
Liverpool).

None of the calculated STM images show a sufficient agreement with the bright state in the measured
images (Fig. [4.3).

Table [4.3] shows the calculated total energies of the different conformers, with respect to the
conformer with the lowest energy. Obviously, saddle A and saddle B have the lowest energy, with only
a minor energy difference, and are therefore expected to be seen at low temperatures on the surface in
any case. All the other conformers, including the cis and especially the flat conformer, are so high in
energy that even at room temperature (kg7 = 25 meV') they would not be expected to be observed.

Furthermore, a valid solution would be expected to explain the rigid shift in the molecular density
of states (DOS), which was observed in the measured dI/dV spectra (chapter 4.4.3). Fig. (b)
and (d) show the calculated spectra of the conformers discussed above, but none of them shows the
expected rigid shift, the spectra only differ in the relative intensities of the orbitals involved. The easiest
explanation for such a shift would be a charging/decharging of the molecule on the surface as observed
in [3596]. Calculated ionizations potentials and electron affinities in the gas phase (Tab. 4.4)) show
that saddle and planar conformations in the gas phase could reduce their energy by about 2 ¢V when
accepting an additional electron. Nevertheless, on the surface, DFT calculations do not show charging
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Figure 4.44.: Detailed comparison between the calculated spectra (upper panel) from Fig. and the
measured ones (lower panel) from Fig. f.8] The experimental spectra of dark and bright
molecules are shifted by 0.5 eV with respect to the Fermi level. A shift of almost the
same amount was found in the calculated spectra when assuming an adatom underneath
the TPP molecule. Calculated spectra by courtesy of Felix Hanke and Mats Persson
(University of Liverpool).

for any of the conformations considered so far. This finding actually agrees with the measured spectra,
as the LUMO of the bright molecules is shifted towards the Fermi energy but is not crossing it, which
would lead to a population of this orbital with electrons and consequently, due to the charging of the
molecules, an electrostatic repulsion between them would be expected [95] which was not observed
experimentally (chapter {.4.2).

Another possibility is that a gold adatom is involved in the bright molecular state. At first it was tried
if the TPP molecules can pull an adatom out of the top surface layer and partially incorporate it in the
porphyrin core, similar to what was described in [75] for Br4TPP on Cu(111), but in the calculations no
such configuration could be found, the gold atom always relaxes back into the surface. Consequently,
if an adatom plays a role, it must be an additional free adatom on the surface. Fig. [#.41]shows three
possible configurations of a buckled TPP molecule with an additional adatom underneath. The relative
energies of these configurations (Tab. [#.4), show that the configuration adatom A is clearly energetically
preferred, and its calculated STM images agree with the measured ones (Fig. ff.5) reasonably well.
Moreover, although the exact shape of the spectra could not be reproduced by the calculations, the
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charge saddle planar
+e 6.23 eV 6.42 eV
0 0OeV —0.04eV

—e | —2.02¢V —2.01¢eV
—2e| —1.66eV —1.62¢V

Table 4.4.: Calculated total energies for TPP molecules in the gas phase depending on their charge. By
courtesy of Felix Hanke and Mats Persson (University of Liverpool).

shift in the spectra of half an eV is reproduced for this configuration in the calculated spectra (Fig.
[.44) perfectly. Due to this good agreement between theory and experiment, the bright state of TPP on
Au(111) could be identified as adatom A.

As a summary, the experimentally observed dark states could be identified as saddle A and saddle B,
a saddle shape deformation of the central porphyrin macrocycle with the H atoms in the two opposing
configurations. The bright state, could be identified as adatom A, also a TPP molecule in a saddle
shape deformation but having a gold adatom underneath its center, which is a very surprising result
that to my knowledge has not been observed before.

4.8.2. Annealed TPP

After having understood the origin of the dark and bright TPP molecules, it would be interesting to
also understand the annealed form, which was presented in chapter @.4.4, Knowing that an adatom
is involved in the bright state of the TPP molecules on Au(111), the first guess was that during the
annealing the central H atoms leave the porphyrin and the Au adatom gets fully integrated as a metal
center as in [[/5,[70, (76, [72]. Calculated STM images of such a metalated porphyrin (First two columns
in Fig. .45) and the STM images of TPP with a gold center presented in [115]108], however, do not
agree with the annealed TPP molecules.

Another possibility would be that the two central H atoms leave the molecule. Calculated STM
images of this configuration can be found in the last two columns of Fig. [4.45] which also do not
agree with the measured STM images. However, if the change in contrast upon annealing was due
to a change in the porphyrin center, it would be expected to see only one type of molecules after the
annealing, but this is not the case, the appearance in the STM images seems to vary from molecule to
molecule (Fig. @.T1).

A possible explanation taking into account different appearances of the molecules could be a
chemical modification of the phenyl rings, which could form a second covalent bond to the porphyrin
core, just like observed in [116}117]. Every phenyl ring would have the option of binding on the right
or on the left side of his first bond, which could in principle lead to 16 different structures. As an
example, one of these structures has been calculated by DFT (Fig. 4.46). Obviously, the additional
bonds force the molecule in a flat configuration, a saddle deformation can therefore not be stable.
The calculated STM images show much more internal structure than the measured ones, which might
be due to the state at the Fermi level in the calculations, contributing to the image contrast at every
bias voltage. A state at the Fermi energy could be an indication for a charged molecule, explaining
the experimentally observed repulsion between the molecules and their inability of forming islands.
However, the STM images do not show this internal structure.

Even though the origin of the molecular state after annealing could not unambiguously be determined,
the cyclodehydrogenated state seems to be the most likely option and could be tested experimentally
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Figure 4.45.: Optimized structures and STM images calculated by DFT of saddle and planar Au-TPP
molecules in the first two columns and of saddle and planar dehydrogenated TPP in
the last two columns. By courtesy of Felix Hanke and Mats Persson (University of
Liverpool).

by synthesizing such a molecule, evaporating it on Au(111) and comparing its appearance with the one
of heated TPP (Fig. {.T1).
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Figure 4.46.: Calculated structure, STM images and dI/dV spectrum of a cyclodehydrogenated TPP
molecules. By courtesy of Felix Hanke and Mats Persson (University of Liverpool).
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4.9. Conclusion

Tetra-phenyl-porphyrin (TPP) molecules as well as Br4 TPP molecules have been investigated mainly on
Au(111), but also on Ag(111). On Au(111), they show two distinct states, which can be distinguished
in STM images by their characteristic bright and dark appearances (chapter .4.T)). This is because the
dI/dV spectra of the dark and bright molecules have the same shape but the bright spectrum is shifted
by half an electron volt towards the occupied states (chapter [4.4.3). Reversible switching is possible
between these two states and can be triggered by voltage pulses, which are applied with the STM tip
(chapter [4.6), or by thermal activation at room temperature (chapter [4.5)). The origin of the dark and
bright states is investigated and the molecules are tested for cooperative effects between neighboring
molecules, in dependence on their respective bonding mechanism.

When a full monolayer is investigated at room temperature (chapter [4.5)), the temporal evolution of
the dark—bright pattern of the molecules can be studied by scanning the same sample area repeatedly.
Due to the dense packing of the molecules, a high number of them (typically several hundred) is imaged
in one frame and the thermally activated switching leads to a high number of switching events. By
analyzing the distribution of dark and bright molecules, it could be shown that there is no influence of
the state of one molecule on the state of its neighbors (chapter [#.5.4). The switching process, however,
is not random. When one of the molecules switches from bright to dark between two frames there is a
high probability that in its vicinity a dark molecule changes to the bright state (chapter [4.5.6). In other
words, it seems as the bright state can be transferred to a surrounding molecule.

The origin of the dark and bright state could be understood in collaboration with Felix Hanke and
Mats Persson from the University of Liverpool, who performed DFT calculations of the molecules
adsorbed on Au(111) (chapter #.8.T). They were able to identify the dark state as a saddle shape
conformation of the porphyrin macrocycle on the surface and the bright state as a similar saddle shape
conformation but this time having an additional gold adatom underneath. The calculated STM images
agree well with the measured ones and even the experimentally observed rigid shift in the dI/dV
spectra by half an electron volt were reproduced in the calculations.

The presence of adatoms underneath the bright molecules is in agreement with the observed hopping
of the bright state at room temperature. Also STM experiments at low temperature confirm the presence
of the adatoms. It is shown that molecules can be switched from dark to bright when artificial adatoms
are created on the surface by crashing the STM tip into it (chapter 4.6.2)). Furthermore, when a bright
molecule is situated above an elbow of the Au(111) herringbone reconstruction, it is possible to laterally
manipulate the molecule away which turns dark, leaving an adatom behind which is trapped at the
elbow site (chapter[4.6.3). When pushing the same molecule back on the adatom, it can return to the
bright state again. The switching of a molecule due to the presence of an adatom is an interesting
phenomenon which, to my knowledge, has not been observed before.

Even after understanding the origin of the dark and bright state, the temporal evolution of the
molecule covered surface at room temperature remains unexplained (chapter[4.5.5)). It was noticed that
a high number of molecules remains inactive and does not show a single switching event during the
duration of a movie (> 1 k). Furthermore, the switching events are correlated in time. It was observed
that over longer periods, no switching is detected, but suddenly, between two frames, many molecules
change their state, to be followed again by a longer period of low switching activity (chapter[d.5.7). The
mechanism behind this correlation could not be clarified. A model of the adatom migration between
the surface and the molecular layer would be of great interest for identifying the relevant processes and
remains as a challenge for future theoretical investigations.

To investigate the influence of the bonding mechanism on the switching process, the molecules
where covalently linked into dimers (chapter 4.7). Inside the dimers, every porphyrin group can switch
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4.9. Conclusion

between dark and bright. By applying voltage pulses at low temperature, it was tested if there is some
influence of the state of one side to the switching probability of the other side, but no such correlation
could be found. The dimers were also investigated at room temperature where they also display thermal
switching. Here it was found that the distribution of dark and bright states in the dimers is random and
that they behave very similar to the monomers.

At this point, after describing all the experiments done with the porphyrin molecules, it is necessary
to ask the question whether cooperativity has been found between the molecules or not, i.e. whether
the molecular ensemble behaves differently than single TPP molecules. The answer is: Maybe yes,
because as was demonstrated in chapter [4.5.7] during the cascade events, many molecules switch at the
same time and there obviously needs to be some sort of communication between them. However, the
mechanism of this process could not be resolved yet and therefore nothing can be said about whether
this is a cooperative effect or not. An example for a process that looks like cooperative at first glance is
the hopping of the bright state from one molecule to neighboring ones at room temperature (chapter
[.5.6). When looking at it phenomenologically, this hopping reminds very much of the hypothetical
conformational transport process described in Fig. .1 However, after understanding that the bright
state is created by the presence of a gold adatom underneath the molecule, this transfer of the bright
state can simply be understood as a hopping of the adatom from one molecule to the next, which is
not a cooperative process. As can be seen from this example, the appearance of correlated processes
does not necessarily mean that they are cooperative. Further experiments or theoretical investigations
would be needed to investigate the origin of the cascade events in order to decide whether this process
is cooperative or not.
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Figure 5.1.: Working principle of the molecular motor based on overcrowded alkenes, developed in the
group of Ben Feringa. In the first step, the central double bond is excited by light and the
motor turns by almost 180°. This step is followed by a thermal helix inversion. Repeating
these steps another time leads to a full 360° unidirectional rotation of the motor. Reprinted
by permission from Macmillan Publishers Ltd: Nature Chemistry [118]], copyright 2012.

Molecular diffusion usually happens in three dimensions and is important in biological processes
[119]]. If macroscopic concentration gradients are present, the diffusion will make them vanish over
time until the thermal equilibrium is reached. When molecules are adsorbed on a surface, the diffusion
motion is restricted to two or, depending on the substrate symmetry, even to one dimension [120]]. Even
in the one dimensional case, the adsorbates still have the possibility of diffusing forward and backward.

Molecular machines capable of doing work, sufficient energy input provided, can drive a system out
of its thermal equilibrium. For example, nature uses the protein myosin V to transport cargo inside
living cells. Propelled by adenosine-5’-triphosphate (ATP), it is “walking” along actin filaments [4} 5]
with a strong direction preference. To mimic this function, i.e. to transport cargo by directed motion at
the atomic level, using synthetic molecules is a severe design challenge. One approach which has been
followed actively in the last years is to synthesize a so called nanocar with several wheels, restricting
the motion on a flat surface to one dimension only, and a molecular motor that drives it forward.

Several attempts have been taken to realize such a nanocar, most intensively this goal was pursued
in the group of James Tour at Rice university. They were the first to come up with a nanocar design
having a chassis and fullerene wheels but no motor, yet. This car was placed on a Au(111) surface
and motion could be induced thermally and with the STM tip [121]]. Although there were signs of
directionality, it did not become clear whether the wheels are actually rolling on the surface, or if the
normal hopping prevails which means that the wheels are moving to the next adsorption site without
changing their orientation. However, due to their spherical shape it is very difficult to proof rolling
of molecular wheels in general, the only successful example so far is [34] (vide infra). Moreover,
as fullerene groups, which serve as wheels in this car, are normally insoluble, ten long CoHy; side
chains had to be attached to the molecule to make it soluble. The role of these chains on the surface is
unknown, but due to their length and their high number, they probably cannot be neglected.

In parallel, the group of Ben Feringa at the University of Groningen developed a light- and thermally
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5.1. Carborane cars

activated class of unidirectional molecular motors [[122}123] 124} 125126, |118]]. These motors consist
of two helical, overcrowded alkene units, connected by a carbon - carbon double bond (Fig. [5.1). Due
to the design of the molecule, steric hindrance is present between the two sides which prevents the
molecule from free rotation. Upon illumination with light of the correct wavelength, the central double
bond can undergo a trans - cis isomerization, followed by a thermally induced helix inversion of the
overcrowded alkenes, leading to a 180° rotation. Repeating this process yields a full 360° unidirectional
rotation of the two halfs of the molecule.

Obviously these kinds of motors are promising candidates for propelling nanocars. For a first time in
contact with a solid, these motors were reported working on the surface of gold nano particles [127],
and were soon after incorporated into the fullerene wheeled nanocars. They were supposed to drive
the car by the rotating paddle of the motor. However, the presence of the fullerene wheels seemed
to quench the function of the motor [128]]. As an alternative, p-carborane wheels where employed,
which also have the advantage over fullerene, that the molecule stays soluble even without the side
chains that become unnecessary in the molecular design. The rotation speed of the motor in this car
was very low, only 1.8 rotations per hour were measured at 65°C in solution, which is not sufficient for
low temperature STM surface studies (in addition to the role of the surface).

It was tried to prove the rolling of the cars by fluorescence spectroscopy [129, 130} 131], too, but
rolling of the wheels could not be proven unambiguously. The only molecule so far which was shown
to roll on a surface consists of two triptycene molecules connected by an axle [34]]. With its three
spikes, triptycene can be turned by STM because one spike is always pointing up and and that is where
the STM tip applies the force during lateral manipulation. It also leads to a characteristic manipulation
signal, which proves that the wheel is rotating. However, molecules with a more spherical shape like
fullerenes, p-carboranes and adamantanes have presumably a lower rotation barrier and were therefore
used in the nanocars.

In the meanwhile, many different types of cars where synthesized by the Tour group, including a
nano dragster [[132] having two fullerene and two p-carborane wheels, a nano truck [133]] containing a
porphyrin unit, that could potentially take up metal atoms, similar to what has been reported by lateral
STM manipulation [[134], and deliver them somewhere, and nano trains [103]], molecular wagons with
two p-carborrane wheels each, which are assembled on the surface to long chains via metal coordination
bonds.

To overcome the problem of the low rotation speed in the motorized nanocar, a new version was
synthesized [[11] using a different motor with less steric hindrance, capable of a much higher rotation
speed in the MHz range [124]. Investigating this molecule by STM on surfaces and trying to activate
the motor by illuminating it with light was done within the presented PhD thesis.

At the same time, Feringas group also synthesized a nanocar with a completely different design [12].
Instead of the wheels they put four motors in the molecule and were able to show that they could induce
rotation and directed motion on a Cu(111) surface by activating the motor with tunneling electrons
from the STM tip.

5.1. Carborane cars

In this chapter, the experiments of the p-carborane car with the fast motor (Fig. are described. The
goal of this study was to deposit the molecules intact on the surface, image them and - if possible -
make the motor rotate either by tunneling electrons from the STM tip or with light (the used lasers are
described in chapter [3.5)). Different surfaces were tried.

Already the deposition of the nanocars is a significant challenge because the molecules are rather
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Figure 5.2.: Chemical structure of the carborane car (a) where in the wheels every intersection corre-
sponds to BH and only the black dots to C or CH and its gas phase structure calculated with
Hyperchem 7 (b). The calculated dimensions are d: 1.38 nm, dy: 1.42 nm, d3: 1.38 nm,
ds4: 1.51 nm, the mass of one molecule is 1241 u, it dissolves in non-polar solvents like
hexane or dichloromethane and can be excited in solution with a wavelength of 355 nm.

large and therefore the sublimation temperature can exceed the dissociation temperature, leading to
fragmentation during evaporation and thereby to dirty samples. Furthermore, the molecules are not
stable in air, and were therefore delivered in a protecting atmosphere. Regardless of the surface, many
attempt of evaporation were undertaken until a sufficient coverage of car molecules was reached.
Clearly, sample preparation was the most time-consuming step in the nanocar experiments.

5.1.1. Au(111)

The first surface to be tried was Au(111) because it is the most commonly used surface for molecular
adsorption, providing an inert support for the molecules. Overview images can be found in Fig. [5.3]
After thermal evaporation on the surface held at room temperature, some nanocar molecules are present
on the surface, consisting of five lobes, most probably corresponding to the four wheels and the motor
group. However, as the preparation was not very clean and actually most of the adsorbed material are
unidentified fragments, the molecules are never found isolated on a terrace, they are always surrounded
by fragments and are generally found close to a step edge. This happens probably because of the low
diffusion barrier on gold, which permits that molecules and fragments assemble in clusters. Separating
the molecules from the contamination using tip manipulation was not successful because the amount of
fragments was too high.

It was tried to illuminate the sample with light of 248 nm, which is not exactly the wavelength
needed in solution (= 360 nm [124]]), but molecular levels usually get broadened on the surface and
different excitation mechanism are possible on surfaces, too. An example is the azobenzene derivative
TBA, which is switched in solution by exciting the HOMO — LUMO transition directly with light
of the appropriate wavelength, but on Au(111) the light creates a hole in the metal d-bands, which
migrates to the molecular HOMO and triggers the switching [[135[136]]. This process happens with all
photon energies above a certain threshold. In the case of the nanocar, a similar trans-cis isomerization
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Figure 5.3.: Overview images of p-caborane nanocar molecules on Au(111), two cars are marked with
white circles. Image parameters: (a) 55.6 X 55.6 nm?, Uip=1V,1=0.1nA,T =5.7K,
(b) 49.8 x 49.8 nm?, Uy, =1V, 1=0.1nA, T =5.6 K.

needs to be activated for the rotation of the motor and because the used photon energy is higher than
the necessary energy in solution, a similar mechanism as in the case of TBA might be possible.

Images before and after the illumination can be found in Fig. [5.4] Apparently, there was no change
in the intact nanocar molecules but after the illumination there were slightly more fragments on the
terrace than before, probably because the light activated their diffusion, which shows that the light
must have arrived to the spot of the sample under investigation.

In conclusion, Au(111) turned out not to be the right surface for the carborane nanocars. Apparently
the cars and other fragments are too mobile at room temperature, such that the cars can never be
found alone on a terrace, which is an important prerequisite for manipulation experiments. Because of
this unknown atomic-scale environment, an analysis of the illumination experiments is difficult. To
overcome the mobility problem a different, more reactive surface was chosen as a substrate: Cu(110).

5.1.2. Cu(110)

Due to the problems on the Au(111) surface described in the previous chapter, it was tried to deposit
the molecules on the more reactive Cu(110) surface. This surface is harder to prepare as the (111)
coinage metal surfaces because in the presence of even minute quantities of oxygen, an added row
reconstruction is formed [137]]. Due to a leak in the manipulator, this reconstruction was always present
on the surface, but also sufficiently clean metal areas could be found. As the molecules were exclusively
found on the bare metal, the existence of the oxygen reconstruction is not a problem for the planned
experiments.

After evaporation of the nanocars at room temperature onto the Cu(110) surface, the sample is clean
(Fig. @) and many intact cars can be found. Every car consists of five lobes (Fig. |’5§] (b)). By
comparison of the measured dimensions on the surface and the calculated dimensions in the gas phase
(Fig. [5.2)), the four outer lobes can be assigned to the carborane wheels and the inner one to the motor.
The cars are exclusively found adsorbed on step edges and at the border of the oxygen reconstruction,
indicating that they are mobile at room temperature, because they had the freedom to diffuse to their
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before after

Figure 5.4.: Carborane nanocars on Au(111) before and after illuminating the sample with light.
Illumination parameters: A = 248 nm, repetition rate: 10 Hz, duration: 20 min, Ts7y =
6.1 K (the laser system is described in detail in chapter[3.3)). Image parameters: (a) and (b)
102.3 x 102.3 nm?, U, = 1V, 1=0.1nA, T =5.6 K, (c) and (d) 6 x 6 nm?, Uy;p =1V,
I=0.1nA,T=5.6K.
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5.1. Carborane cars

Figure 5.5.: Carborane nanocars on Cu(110). Flat terraces correspond to the clean copper surface,
the rough areas are the oxygen added row reconstruction [137]. The dimensions of the
nanocar in (b) are d;: 1.38 nm, dy: 1.83 nm, d3: 1.30 nm, d4: 1.74 nm. Image parameters:
(@) 63.5x63.5nm? Uiy =1V, 1=0.1nA, T =55K, (b) 7.3 x7.3 nm?, Up =1V,
I=0.10nA,T=5.6K.

preferred adsorption site. However, the nanocars could not be moved by lateral manipulation (with
manipulation resistances down to 10° Q), which points to a strong adsorption of the molecules. This
shows that the molecules are weakly bound on the terrace, where they are mobile at room temperature,
but strongly bound at step edges and the border of the reconstruction.

As in the case of the gold surface, it was also tried to trigger motion of the motor by illuminating it
with light at a wavelength of A = 248 nm and a repetition rate of 10 Hz (chapter , but no changes in
the molecular appearance could be detected after three repetitions of the experiment (once for 10 min,
twice for 45 min). Using rather strong voltage pulses of more than +3.5 V it is possible to change the
appearance of the car (Fig. [5.6). However, it is not only possible to change the apparent height of the
motor but also the height of the wheels. As the changes in appearance were not periodic nor reversible
and the required voltages are quite high, this is probably not an effect of a turning motor but rather a
dissociation of the molecule.

5.1.3. Ag(111)

After the experience from the Au(111) surface, where the molecules were so weakly bound that they
were always surrounded by fragments and the Cu(110) surface, where they were bound so strongly that
even lateral manipulation was not possible, making any motorized motion very unlikely, a different
substrate with an intermediate reactivity was chosen for the further experiments: Ag(111). It shows no
reconstruction and is just a flat truncation of the bulk crystal.

When evaporated on a Ag(111) surface at room temperature, molecules can be found exclusively on
the stepped regions of the surface (Fig. [5.7), never on larger terraces. As can be seen in the same figure,
lateral manipulation is possible (at a manipulation resistance of 6- 107 ), but the nanocars strongly
bind to the step edges, and behave as if they were on rails. As shown in (b) and (c), they can easily be
displaced parallel to the step edge, but when manipulation is attempted in the perpendicular direction
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Figure 5.6.: Applying voltage pulses to the carborane nanocars on Cu(110) over the indicated position,
ramping the voltage from 0 V to the indicated voltage. Image parameters for all images:
6.8 x6.8nm*, Uy =1V, 1=0.1nA, T =55K.

((d) to (g)), it is difficult to separate the wheels from the steps and they easily snap back already during
scanning. Having the molecules single on the terrace would be interesting also with the illumination
experiments in mind, but could not be achieved because high coverages saturating all steps cannot be
done with this molecule and deposition at low temperature was not possible experimentally.

However, the same illumination experiment as in the case of the previous substrates with light of
A = 248 nm was tried also on the Ag(111) surface in several attempts, but again without inducing any
change in the molecular appearance.

5.1.4. Cu(111)

Another metal substrate used to study the carborane nanocars was Cu(111). It was hoped to obtain
rather clean preparations with single molecules on terraces and just the right binding strength for the
molecules to facilitate motion upon illumination, because too strongly bonded wheels might quench
the motion, but there needs to be at least some friction between the surface and the potentially rotating
motor to convert the rotation into directed motion on the surface. Furthermore, Cu(111) shows no
reconstruction and the only working motorized nanocar so far [12] has been studied on Cu(111), which
makes this particular surface a good candidate.

In the first evaporation attempts, very clean surfaces with many intact molecules at the step edges
could be obtained (Fig. [5.§](a)). Unfortunately, only in few exceptional cases single molecules were
found on the terraces. It was tried to force the molecules onto the terraces by increasing the coverage
and thereby saturating the preferred adsorption sites at the step edges (Fig. [5.8](b)). However, at the
same time, the number of molecular fragments on the surface also increased up to a considerable
coverage, but it was still possible to find single molecules on the terraces (Fig. [5.9). Hence, the

104



5.1. Carborane cars
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Figure 5.7.: Carborane nanocars on Ag(111). (a) typical adsorption geometry at step edges, (b) -
(g) lateral manipulation sequence, the arrows indicate the path of the tip during the
manipulation. Image parameters: (a) 28.2 x 10.2 nm?, (b) - (g)7.2x17.2 nm?, all other

parameters: Uy, =1V, 1=0.1nA, T = 5.7 K. Manipulation parameters: U;;, = 60 mV,
I=1nA.
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Figure 5.8.: Coverage dependent adsorption of carborane nanocars on Cu(111). In (a) (39 x 39 nm?) a
low coverage of nanocars was deposited on the surface. Only few fragments can be found
and almost all cars are adsorbed at the step edges. In (b) (77.5 x 77.5 nm?), the coverage
was increased until the step edges are saturated and the cars are forced to adsorb on the
terrace. However, also the amount of fragments increased. All other image parameters are:
Uip=—1V,I1=01nA,T=56K

objective of isolated molecules was achieved by saturating the step edges.

The origin of the small fragments, which are marked with the white box in Fig. [5.9](a), is unknown.
But as they are found all over the surface in large numbers, they might be wheels which have been
detached from the nanocars. The fragments forming the islands in the same image cannot be identified
due to their irregular structure.

Due to the design of the nanocar, containing several single bonds in its chassis, the axes are free
to rotate around them and the car can be found either with the axes parallel or crossed. Both of these
possibilities are also realized on the Cu(111) surface as shown in Fig. [5.9][[L1]]. In these figures, the
dimensions on the surface are compared with gas phase calculation performed with the HyperChem 7
software. The agreement is particularly good for the length of the axes, whereas the other lengths are
slightly off, due to the internal flexibility of the molecule and its adoption to the surface, which was not
considered in the calculations. Also on Cu(111), attempts of lateral manipulation (with manipulation
resistances down to 2- 103 Q) and illumination with light of A = 248 nm did not lead to any changes in
the molecules and propelled motion was also not observed.

5.1.5. NaCl

During the experiments on various metal surfaces (Au(111), Ag(111), Cu(111), Cu(110)) the carborane
cars did not show any response to illumination with light of the wavelength A = 248 nm. It is known
from surface studies of azobenzene molecules that isomerization of molecular switches which also rely
on the trans - cis isomerization of a double bond can be quenched on metal surfaces 138}, and also
that a decoupling of the functional group from the surface by attachment of sidegroups can re-enable
the switching process [38]. Another way to achieve decoupling is the deposition of the molecules on a
thin film of NaCl on top of a metal surface 64 [141]).
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Figure 5.9.: Carborane nanocars on Cu(111) with their axes parallel or crossed in comparison to their
gas phase structures. (a) is an overview image (64 x 44 nm?) showing several intact
molecules and many unidentified fragments. The regions marked with white circles are
shown in detail in (b) (4.5 x 4.6 nm?) and (c) (5.7 x 5.0 nm?). All other image parameters:
Uiip=—1V,I=0.1nA, T =5.7 K. Corresponding gas phase structures calculated with
HyperChem 7 are shown in (d) and (e). The molecules with crossed axes in (b) and
(d) have the dimensions d; = 1.33 nm in the STM image and 1.38 nm in the calculation.
dr»=1.10nm, 1.07 nm, d3 = 1.39 nm, 1.38 nm and dy = 2.15 nm, 2.29 nm. The molecules
with parallel axes in (c) and (e) have the dimensions d; = 1.38 nm in the STM image
and 1.38 nm in the calculation. d, = 1.65 nm, 1.42 nm, d3 = 1.37 nm, 1.38 nm and
dys =1.70 nm, 1.51 nm.
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Au(111)

Figure 5.10.: Attempted depositions of carborane nanocars on NaCl/Au(111). In (a) the nanocars
were evaporated on NaCl/Au(111) at 0°C (Image parameters: 84,3 x 84,3 nm?, Uip =
—1V,I1="7.8 pA (inset: I =3.1 pA), T = 5.8 K). In (b) the nanocars were evaporated
on NaCl/Au(111) at 154 K (51.8 x 51.8 nm?, Uip=—-1V,I1=2pA, T =58 K).
In (c) the nanocars were evaporated on NaCl/Au(111) at =~ 10 K on the manipulator
(77.4 x 77.4 nm?, Uip=—1V,I=1pA, T =5.8 K). In (d) the nanocars were evaporated
on NaCl/Au(111) at 5.5 K directly into the STM (34.4 x 34.4 nm?, Uiip = 551 mV,
I=12pA, T=6.1K).
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A general problem of this approach is that the molecules generally adsorb so weakly that they are
highly mobile, which makes deposition at room temperature impossible because the molecules would
diffuse to free metal areas and also acquiring STM images can be challenging because the tip easily
moves the molecules and consequently very low tunneling currents have to be employed in order to
avoid this problem.

It was tried to deposit the p-carborane nanocar on a NaCl layer on Au(111). NaCl can be evaporated
onto a clean metal surface from a quartz crucible held at slightly above 500°C. The coverage was
chosen such that half of the surface was covered with a NaCl double layer and the other half was
uncovered metal, which is convenient for cleaning the STM tip. When the metal substrate is held at
room temperature, large NaCl islands are formed, which are so large that finding the transition between
NaCl and the uncovered surface can be very time-consuming. However, if the surface is only slightly
cooled for deposition, to around 0°C, the NaCl islands are becoming much smaller and are better suited
for STM imaging [44].

Several approaches were tried to deposit the nanocar molecules on the so prepared NaCl film:

* Evaporating the nanocars onto the NaCl film at 278 K in the preparation chamber and subsequent
transfer in the STM resulted in clean NaCl and the molecules adsorbed on the free gold areas
next to it only (Fig. [5.10| (a)). Apparently, the molecules are too mobile on the NaCl at this
temperature. Reducing the surface temperature to 154 K during preparation increased the number
of adsorbed fragments on the gold, but still the molecules did not adsorb on the NaCl (Fig. [5.10]
(b)), which means that the temperature during deposition was still not low enough.

* To make the molecules stick on the NaCl, the temperature needs to be reduced further. When
reducing it to 10 K on the manipulator in the preparation chamber, after the evaporation, the salt
is covered with molecular fragments or other unknown adsorbates which make scanning very
difficult and no intact molecules could be found (Fig. [5.10](c)). On the manipulator, the sample
is not protected against the rest gas of the UHV chamber which can also adsorb on the sample at
these low temperatures, leading to even more unwanted adsorbates.

* To reduce the amount of contamination from the background pressure, it was tried also to
evaporate the nanocars directly into the STM at 5.5 K, where the sample is protected against the
rest gas of the chamber by the radiation shields surrounding the STM head, which adsorb the rest
gas on their cold surface. The evaporation is done through a small hole in the shields. On a bare
Cu(111) surface, intact nanocars could be deposited successfully but as always, accompanied by
a high number of molecular fragments. When trying the same evaporation on NaCl/Au(111), the
same large amount of fragments is adsorbed on the surface as well (Fig. @] (d)). In contrast
to the case on Cu(111), these fragments are highly mobile on the NaCl and get easily dragged
around by the tip during scanning, even at very low tunneling currents of about 1 pA, which
makes it very difficult to obtain STM images of sufficient quality. Although this method was
tried intensively, no carborane nanocars could be found on the NaCl film.

Due to the experimental problems described above, imaging and manipulation as well as illumination
experiments could not be done.
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5.2. Adamantane cars

Figure 5.11.: Chemical structure of the adamantane-wheeled nanocar (a) and its gas phase structure
calculated with HyperChem 7 (b). The indicated dimensions which are measured between
the center of the wheels are: di =1.32nm,dr, = 1.61 nm,dz =1.32nmand dy = 1.48 nm
and the total mass of one molecule is 1210 u.

In chapter [5.1] it was described extensively that motorized nanocars equipped with p-carborane
wheels show no change upon illumination on metal substrates. When copper was chosen as a substrate
it was not even possible to move the cars using lateral manipulation by the tip of the STM. One idea
of how to improve the structure of the nanocar to make it work is to change the wheels. As already
explained in the introduction, in former works, fullerene wheels had been employed because of their
spherical shape [[121]. However, these wheels have strong drawbacks. From the synthetic point of view,
fullerene wheels make the plain nanocar insoluble. To make it soluble, several side chains (CjoH»;)
have to be attached to the molecule. In STM images, only the four wheels could be seen. Consequently,
the behavior of these chains on the surface could not be investigated, but due to their length and their
high number in every molecule, it is very likely that they play a role for the adsorption of the molecules
on the surface. Furthermore, already in solution, the molecular motor in the car becomes inoperative
when the car is equipped with fullerene wheels [128]]. Both of these problems were conveniently solved
by the use of p-carborane wheels (chapter [5.1).

Another almost spherical molecule which can be used as a wheel is adamantane (C;oH;¢), which
is in fact a small diamondoid [142]]. As diamond is very inert, it was hoped that adamantane wheels
would reduce the interaction between the molecule and the metal substrates [[131] compared to the
carborane case. A motorized adamantane nanocar (Fig. [5.11)) was synthesized by Pinn-Tsong Chiang
from the group of James Tour. It has exactly the same structure as the carborane nanocar (Fig. [5.2),
besides the wheels which have been changed to adamantane. The adamantane wheels have the same
advantages as the carborane ones, the molecules stay soluble without side chains in non polar solvents
like hexane and dichloromethane, the molecular motor is operative in solution and the sublimation
temperature in vacuum is the same as in the case of the carborane car (chapter[3.4). In the following,
the experiments with these molecules on Au(111) and Cu(111) are described.
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5.2. Adamantane cars

Figure 5.12.: Adamantane nanocars on Au(111). (a) shows an overview image of the surface, in (b)
three nanocars can be found on a step edge. The measured dimensions are: d; = 1.3 nm,
dy =1.5nm, ds = 1.4 nm, dy = 1.5 nm. Image parameters: (a): 80.7 x 80.7 nm? (insets:
5x5nm?), Uy =551mV,1=2 pA, T =58 K, (b): 23.3 x23.3 nm?, Uy;, = =551 mV,,
I1=059nA, T =58K.

Laser configuration | Average power | Average displacement | Tsr,
355nmat 10 kHz 40 mw (3.3+£0.2) nm 8.9K
266 nm at 10 kHz 8 mW (2.1£0.5) nm 6.5K
355 nm at 3 kHz 9O mWw (1.9+0.3) nm 6.56 K

Table 5.1.: Average displacement of the molecular fragments from the adamantane nanocars on Au(111)
after 15 min illumination with various laser configurations (chapter [3.5). These measure-
ments were performed on the same sample preparation, i.e. the coverages are identical for
all three measurements. The time averaged power was measured behind the first Al mirror.

5.2.1. Au(111)

At first, the adamantane nanocars were evaporated onto Au(111). Typical images of a clean preparation
can be seen in Fig. In (b), three nanocars can be identified on the upper terrace close to a step
edge by their typical five lobe appearance, which was already observed for the carborane nanocars, and
their dimensions, which are in good agreement with the gas phase dimensions given in Fig. [5.11](b).
The overview image (a) shows the typical distribution of the molecules on the surface, some cars can
be found on the steps, but almost no cars can be found on the terrace. The adsorbates in the insets are
no cars, because they do not have the typical five-lobe appearance and they are also larger than the cars
in (b).

In order to find out more about the bonding strength of the molecules on the steps and the terraces,
lateral manipulation experiments have been performed (Fig. [5.13). It was tried to separate a molecule
from a step edge and to move it on the terrace. After several attempts with a resistance of 3.3-10% Q
((a), (c), (d)) without success, the resistance was lowered to 2.5- 10 Q ((e), (g)) leading to a successful
separation. However, the molecule did not stay on the terrace because in (h) it is found at the next step
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5. Nanocars

Figure 5.13.: Lateral manipulation sequence of an adamantane nanocar on Au(111). The manipulation
paths are indicated with white arrows, in (h) the molecular position is shown by a white
rectangle. Manipulation parameters: Uy, = 10 mV, (a), (c), (d): I = 3 nA, (e), (g):
I =4 nA. Image parameters: 17.5 x 5.8 nm2, Uip=—-05V,1=0.52nA, T =5.7K.

edge, far away from the end point of the manipulation path in the previous image (g). This shows how
different the bonding strength at the step is from the diffusion barrier on the terrace and it is no surprise
that after preparing the molecules at room temperature, they can be found almost exclusively at the
steps.

In order to obtain isolated molecules on the terrace, it was tried to evaporate them on the more
reactive Cu(111) surface (see chapter @) but also there, the molecules are exclusively found on the
steps. Another possibility is to evaporate the molecules on a cooled sample, to reduce their mobility,
which generally has the disadvantage that even more molecular fragments, which are created during the
evaporation, stick to the surface. The surface was cooled on the manipulator to 10 K and the molecules
were evaporated as usual. Images of the resulting surface can be found in Fig. [5.14] There are a lot of
fragments and scanning is therefore difficult. Due to the low sample temperature during evaporation,
the adsorbates did not have the chance to move to an the thermodynamic equilibrium position and are
easily moved by the tip. However, now it is possible to find single cars on the terrace as expected (b).

It was also tried to activate the molecular motor in the nanocars by illuminating it with light of
A =266 nm and A = 355 nm (the laser systems are described in chapter , both after deposition
at room temperature and at low temperature, but no change could ever be observed in the nanocars
after illumination (Fig. [5.14). Nevertheless, the fragments moved a lot, probably due to the heating
during illumination. This effect was strongest when the 355 nm laser was used at the full repetition
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5.2. Adamantane cars

Figure 5.14.: Adamantane nanocars after evaporation on the Au(111) surface held at 10 K. (a) is
an overview image, the white rectangle is the position of (b), where a single car can
be found on a terrace. (¢) and (d) show the same areas after 15 min illumination with
266 nm at 10 kHz, during which the temperature rose to 6.56 K. The nanocar did not
change its position nor its appearance during the illumination. Image parameters: (a)
and (c): 57.2 x 57.2 nm?, (b) and (d): 10.5 x 10.5 nm?, the others are in all images:
Uiip = —=551mV, 1 =2 pA, T =5.7K.
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5. Nanocars

Figure 5.15.: Rotation of an adamantane nanocar on Au(111) upon applying a voltage ramp from O to
—2 V at the position indicated in (a). Image parameters: 7.0 x 3.5 nm?2, Uiip =551 mV,
I=17pA, T=57K

rate of 10 kHz (with a time averaged power of 40 mW after the first Al mirror), where the measured
temperature of the helium cooled STM was rising from 5.7 K to 8.9 K. The temperature directly at the
surface must have been much higher than that because the temperature is measured more than 1 cm
away from the sample and outside of the laser spot. By reducing the repetition rate to 3 kHz, which
reduces the time averaged power of the laser (9 mW after the first mirror) to the one of the 266 nm
laser at 10 kHz (8 mW after the first mirror), the temperature rose in both cases only to 6.5 K and also
the amount of displacement of the fragments was then comparable in magnitude (Tab. [5.1)). As the
displacement apparently only depends on the laser power and thereby on the surface temperature but
not on the wavelength of the light, the most probable origin of this displacements is thermally induced
diffusion of the fragments on the surface.

It was also tried to apply voltage pulses with the tip of the STM in the hope to make the molecular
motor turn, similar to what was observed in [12]]. In this paper, the car started to move when a voltage
of about 500 mV was exceeded, but at this voltage range no effect could be observed for the adamantane
cars. At a tip voltage of about +2 V, it can be observed sometimes that the car rotates as a whole in
a random fashion without changing its appearance or lateral position (Fig. [5.15)). At about 4 V the
molecule is dissociated.

5.2.2. Cu(111)

As already in the case of the carborane cars, the preparations on copper were generally much cleaner
than on gold, which is an unexpected behavior, because the copper surfaces are more reactive [S0] and
should therefore bind molecular fragments, originating from the evaporation, more efficiently than gold.
Also on Cu(111), the molecules appear as five lobes in the STM images (Fig. [5.16)), four corresponding
to the wheels and one to the motor, which can either be found with the axes parallel (c) and (e) as well
as with the axes crossed (b) and (d). The measured dimensions agree fairly well with the dimensions
in the gas phase which are given in the figure caption and were calculated using the HyperChem 7
software.

It can be seen in the overview image of Fig. [5.16| that, as in the case of Au(111), almost all
molecules are found at step edges, signifying that they have to be mobile at room temperature, where
the evaporation has taken place. However, it was not possible to remove the molecules from the step
edge using lateral manipulation with manipulation resistances down to 33.3 kQ at low temperature.
Also illuminating the sample with the wavelength A = 266 nm and A = 355 nm for 15 min did not lead
to any changes on the surface. Furthermore it was tried to apply voltage pulses with the STM tip in
order to activate the rotation of the motor, but no periodic nor repeatable change could be observed. At
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5.2. Adamantane cars

Figure 5.16.: Adamantane nanocars on Cu(111) both in the crossed and parallel axle configuration. (a)
is an overview image of the surface (63.6 x 43.6 nm?) with a crossed axle nanocar in the
white circle, which is shown in detail in (b) (4.6 x 4.6 nm?). (c) shows an adamantane
nanocar in the parallel axis configuration (5.3 x 4.6 nm?) adsorbed on a step edge. The
other image parameters are Uy, = —0.5V, T =5.7 K and I = 0.49 nA in (a) and (b),
I =1.0 nA in (c). (d) and (e) show the corresponding gas phase structures calculated
with HyperChem 7. For (b) and (d) the dimensions are d; = 1.28 nm in the STM image
and 1.33 nm in the calculation. dr, = 0.95 nm, 0.95 nm, dz = 1.17 nm, 1.34 nm and
ds = 2.32 nm, 2.13 nm. The molecules with parallel axes in (c) (e) have the dimensions
d; = 1.32 nm in the STM image and 1.32 nm in the calculation. d, = 1.64 nm, 1.61 nm,
d; =1.30 nm, 1.32 nm and dy = 1.70 nm, 1.48 nm.
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5. Nanocars

voltages of about £3.5 V, the molecules are dissociated.

5.3. Conclusions

In this chapter, the low temperature STM experiments with p-carborane (Fig. and adamantane
nanocars (Fig. [5.T1) were described. Despite their high mass of over 1200 u, it is still possible to
evaporate both of them thermally from a Knudsen cell, but at the evaporation temperature the respective
dissociation rates are high which generally leads to dirty samples, where the molecules are adsorbed
together with many fragments, and severely limits the number of evaporations possible from one
crucible filling. Interestingly, the adamantane cars, which have slightly less weight (1210 «) than the
p-carborane ones (1241 u) and should therefore be more stable during evaporation, are more difficult
to evaporate and lead to more contamination.

It was tried to activate the rotation of the molecular motor by illuminating it with light. For the
p-carborane molecules 248 nm on the surfaces Au(111), Ag(111), Cu(111), Cu(110) and for the
adamantane cars 355 nm and 266 nm on Au(111) and Cu(111) were used, but no change in the
molecular appearance, nor directed motion could be observed after the illumination, regardless of
the surface and the employed molecule. Furthermore it was tried to deposit the carborane cars on a
NacCl bilayer, but the desired preparation could not be achieved. The molecular fragments, however,
did move upon illumination, probably due to a heating of the surface. Voltage pulses were applied
to the nanocars with increasing voltage until the molecule was dissociated, but no repeating contrast
change of the motor, which could be an indication for a rotation, could be found. Sometimes, the whole
molecules is rotated when applying a voltage pulse.

The reason why the molecules show no response to excitation with light or tunneling electrons could
not be found within this thesis. Possible reasons could be that the molecules bind so strongly to the
surface (possibly via the wheels) that the strength of the motor is not sufficient to overcome the rotation
barriers. Another possibility would be that the trans-cis isomerization, which is the first step in the
rotation of the motor, is quenched on metal surfaces due to overlap of the molecular states with the
states of the substrate. Maybe DFT calculations could be helpful to determine the precise adsorption
geometry and electronic structure on the surface and then to find out what hinders the rotation of the
molecular motor.
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Summary

Within this thesis, two types of molecules were investigated which can be seen as prototypes of
functional molecules, similar to molecules found in biological systems.

The first molecule, retra-phenyl-porphyrin (TPP), was studied on the Au(111) surface (chapter @),
where it exhibits two distinct states. In STM images, one of the states appears brighter than the other
and therefore is called the bright state, the other state is consequently called the dark state. The dI/dV
spectra of the molecules, which reflect the electronic density of states, have the same overall structure,
but are rigidly shifted in energy by half an electron volt with respect to the Fermi level. Reversible
switching between these two states is possible, either by thermal activation at room temperature, or
with voltage pulses from the STM tip at low temperatures of about 5 K.

It was investigated whether cooperative effects can be found between neighboring TPP molecules,
depending on the bonding mechanism between them. The quickest way of observing a high number
of switching events, leading to significant statistics, is to scan a full monolayer of molecules at room
temperature where the switching is induced thermally. Scanning the same sample area repeatedly,
yields a movie of the evolving pattern of dark and bright molecules. By analyzing the distribution
of dark and bright molecules on the surface, no influence of the state of one molecule on the state of
its neighbors could be found. However, when looking at the switching process, there is a correlation
between neighboring molecules: When a molecule switches from bright to dark, there is a high
probability that in its vicinity another molecule switches from dark to bright, which means that the
bright state is transferred to the neighboring molecules.

The nature of the dark and bright state could be understood with DFT calculations performed by
Felix Hanke and Mats Persson from the University of Liverpool. Switching of porphyrin molecules
between a flat and a buckled conformation have been reported in the literature. It turned out that for
this particular system, the central porphyrin macrocycle is always in a saddle shape conformation
but underneath the bright molecules a gold adatom is situated, which leads to the observed change
in the molecular appearance. From the DFT results, STM images were simulated, which agree well
with the measured ones and also the spectral shift of half an electron volt could be reproduced in the
calculations.

With these results, the observed hopping of the bright state at room temperature can simply be
explained by the motion of the adatoms underneath the molecular layer. After understanding the
mechanism behind this observed transfer of the bright state, it is clear that this is not a cooperative
effect. From this example can be learned that a correlated process is not necessarily a cooperative one.

The presence of the adatoms underneath the bright molecules could also be confirmed experimentally.
When the switching is induced by applying voltage pulses at low temperatures, switching from bright
to dark is easily achievable by applying a pulse of =~ 42 V, the switching in the opposite direction
happens in the same voltage range but can only be observed extremely rarely. When switching from
bright to dark, a present adatom only needs to leave its former position, which is easily achievable.
When switching in the other direction, an adatom needs to be present for facilitating the transition to
the bright state, which is not expected at low temperatures. It was found that switching to the bright
state can be achieved easier, when adatoms are created artificially by crashing the STM tip into the
surface in the vicinity of the molecules and thereby supplying the necessary adatoms for the switching
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process. Furthermore, at the elbow sites of the herringbone reconstruction, the adatoms can be trapped
and when a bright molecule is situated at such a site, it can be moved away by lateral tip manipulation,
whereby it turns dark and an adatom is left behind at the former position of the molecule. Manipulating
the molecule back onto the atom returns it to the former bright state.

However, even after understanding the origin of the dark and the bright state, the temporal evolution
of the dark—bright pattern remains unexplained. The dwell times in the two states cannot be explained
by a single exponential function and apparently there is a high degree of correlation in the switching
of the molecules. Cascade events can be observed, which means that over several frames almost
no switching activity can be observed but between two frames many molecules change their state,
which is then followed by a longer period of low switching activity. Apparently there is some sort of
communication between the molecules, but the origin of this communication could not be revealed
within this thesis. Consequently there is still the possibility that this is a cooperative process, but it
could also be mediated by a different kind of interaction.

It was tried whether the switching process changes when two TPP molecules are covalently linked
together. After the linking, the two sides of the dimers are still capable of adopting the two states and
at room temperature, the distribution of the dark and bright state in one dimer is completely random.
By applying voltage pulses at low temperature, it could be shown that the state of one porphyrin unit in
the dimer does not influence the switching probability of the other.

The second type of molecules investigated in this thesis are so-called nanocars (chapter [5)), which
are prototypes of molecular machines, capable of converting external energy into action. These
nanocars have four wheels, which could potentially roll across the surface, restricting its motion to one
dimension on the surface. Furthermore, they contain a molecular motor, which can convert light and
thermal energy into unidirectional rotation and could drive the nanocar forward. With a mass of more
than 1200 u, these nanocars are so heavy that their evaporation temperature is close to their vacuum
dissociation temperature. Therefore, one of the main experimental challenges during the nanocar
experiments is to evaporate them on the surface in an intact and clean way, i.e. without having too
many molecular fragments on the surface, to allow for a clear identification of the intact molecules and
stable imaging conditions.

One version of the nanocars had p-carborane wheels and was evaporated on various metal surfaces:
Au(111), Ag(111), Cu(111), Cu(110). On all these surfaces, the cars have a typical appearance of five
lobes. By comparing the dimensions on the surface with the dimensions from gas-phase calculations,
four of the lobes could be identified as the wheels, the fifth lobe consequently stems from the molecular
motor. On these surfaces it was tried to activate the molecular motor by illuminating it with light of the
wavelength A = 248 nm, but no directed motion, nor a change in the appearance of the motor could
be observed afterwards. To decouple the molecules further from the metal surface, it was tried to
evaporate them onto a NaCl bilayer on Au(111), but due to the high fragmentation of the molecules
during thermal evaporation, large amounts of fragments were always present on the NaCl, making
scanning difficult and no nanocars could be found.

It was suspected that the nanocars bind too strongly to the metal surfaces, possibly via the wheels.
Therefore a second version was synthesized, this time with adamantane wheels, in the hope that
different wheels would change the coupling of the molecule to the surface and thereby might enable the
motion of the nanocar. The adamantane-wheeled nanocars were evaporated on Au(111) and Cu(111).
Interestingly, although the adamantane version of the cars has slightly less weight than the carborane
version, they were more difficult to evaporate, leading to even more fragments. However, illuminating
the cars with light of the wavelength A = 266 nm and A = 355 nm did not lead to observable changes
in the molecular appearance and directed motion was also not observed. However, the molecular
fragments moved upon illumination. Sometimes, a rotation of the whole molecule could be induced by
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applying voltage pulses with the STM tip.

The experiments performed in this thesis show how difficult it is to predict the behavior of functional
molecules on surfaces in general. Often the functionality of the molecules is quenched completely, as in
the case of the nanocars, and in others examples processes are encountered, which were not anticipated
when designing the experiment. An example for such an unexpected process is the involvement of a
gold adatom in the bright molecular state of the TPP molecule. Such an adatom mediated switching of
a molecule has, to my knowledge, not been observed before.

It would be an interesting future project to further investigate the motion of adatoms between the
metal surface and a molecular adsorbate layer. However, it turned out that for the study of cooperative
switching, TPP molecules are actually not well suited, because although they display distinct states,
the bright state is created by the presence of an adatom and therefore, TPP is no molecular switch.
Investigations similar to the ones presented in this thesis could be done with molecules capable of
isomerizing on a surface and maybe there, cooperative switching is observed.

For achieving progress with the nanocar molecules, it seems necessary to reduce their weight in
order to make them evaporate at lower temperatures and thereby reduce the fragmentation rate. With a
lower amount of fragments, it should be possible to successfully deposit them on NaCl, which largely
decouples them from the underlying metal substrate and might thereby enable the motor function.
However, a substantial weight reduction can probably only be achieved by a completely changed design.
Another possibility would be to change the molecular motor. The group of Ben Feringa has shown
that slight changes in the structure of the rotor and stator part of the motor drastically influence its
rotation Kinetics in solution. Maybe, a different motor design can be found, which is better suited for
the adsorption on metal surfaces.
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A. CD Contents

The thermal switching of Br4TPP and TPP dimers is discussed in the chapters[4.5|and[4.7.4] respectively.
The evolution of the molecule covered surface is studied by imaging the same surface area repeatedly
with the STM and the resulting movies are evaluated.

As movies are hard to present in a printed thesis, some of them are added in form of a CD together
with the difference movies resulting from subtracting successive frames (as explained in Fig. @.19).
Furthermore, the self-written source code of the evaluation software is added.

The following movies are contained:

* 280509-moviel: BryTPP on Au(111). Usgmpre = 1.25V,1=0.13 nA, T =300 K, 108 s5/frame.
This movie is used in Fig. .13

* 280509-movie3: BryTPP on Au(111). Usgmpre = 0.884 V, I =10.14 nA, T =300 K, 81 s/frame.
This movie is used in Fig. Fig. .18 and Fig.

* 101210-movie5: TPP dimers on Au(111). Usgppie = 884 mV, I = 0.03 nA, T = 300 K,
33 s/frame. This movie is used in Fig.

The evaluation software is written in Python 2.7 and requires the libraries numpy, scipy and matplotlib.
It consists of three classes:

* The class “movie” reads in the movie from the hard disk and performs the drift compensation as
described in chapter[3.6.1] Every frame of the movie needs to be stored in a two-dimensional
numpy array file (.npy), containing the topographic height. Preferentially, all frames should be
plane corrected before loading them to allow for a more reliable drift compensation.

* The class “molecules” takes an instance of a “movie” object as an input and provides methods
for defining the molecular grid, determination of the molecular state (as described in chapter
[3.6.2) and all the data evaluation functions relevant for the monomers.

* The class “dimers” takes two “molecules” objects as an input. Each of them needs to have the
same number of positions defined corresponding to the first and the second side of the dimers. It
provides methods for the statistical evaluation of the dimer movies.

Additionally, there is a file called “poisson.py”, which contains some functions for plotting Poisson
and Skellam distributions.
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