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Abstract

In this thesis, single-molecule tautomerization on metal surfaces are studied. Tau-
tomerization is a structural conversion between two or more isomeric forms of a
molecule. Tautomerization is related to many important chemical and biologi-
cal processes and combined studies of spectroscopic experiments with quantum
chemical calculations have provided detailed insights into the correlation between
a molecular structure and tautomerization dynamics for an isolated molecule, but
the study on single-molecule tautomerization in condensed phase where the lo-
cal environment could have a crucial impact has been scarce so far. In this
research low-temperature scanning probe microscopy is used to investigate the
tautomerization of single porphycene molecules on copper surfaces. Porphycene
is a structural isomer of porphyrin with similar chemical properties but relatively
strong hydrogen bonds in the inner cavity, which makes this molecule an in-
triguing model for studying hydrogen bond dynamics. Using scanning tunneling
microscopy (STM) and atomic force microscopy (AFM) the thermally-, electron-,
and force-induced tautomerization of porphycene on copper surfaces were inves-
tigated and the mechanisms of the tautomerization processes were elucidated at
the single-molecule level.

On the Cu(111) surface the hot carrier-induced trans to cis tautomerization
and the thermally induced backward reaction were investigated with an STM.
The hot carrier-induced process was observed not only in molecules underneath
the STM tip, but also in molecules in a distance of up to 100nm away from
the tip. This nonlocal reaction is rationalized by traveling hot carriers along
the surface and a more efficient transportation occurs for hot electrons traveling
through the surface state than for hot holes. Additionally, a coupling between the
surface state and the molecular adsorption was found to lead to a characteristic
coverage dependence of the nonlocal tautomerization efficiency.

On the Cu(110) surface the force-induced cis to cis tautomerization was inves-
tigated with AFM. The reaction was induced merely by bringing the tip closer to
a molecule, suggesting that the interaction between the tip apex and the molecule
triggers the process. Force spectroscopy revealed the force needed to induce the
tautomerization and quantified a fraction of nano-Newton. Density functional
theory simulations revealed that the tip proximity distorts the potential land-
scape along the tautomerization coordinate and significantly reduces the activa-
tion barrier. It was found that the tautomerization could not be induced by a Xe
terminated tip, demonstrating the importance of the chemical nature of the tip
to trigger the reaction via the distortion of the potential landscape.
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Kurzfassung

In dieser Arbeit wird die Tautomerisierung einzelner Moleküle auf Metallober-
flächen untersucht. Tautomerisierung ist eine strukturelle Anpassung zwischen
zwei oder mehr Isomeren eines Moleküls und ist in vielen wichtigen chemischen
und biologischen Prozessen involviert. Spektroskopische Experimente und quan-
tenchemische Rechnungen lieferten einen detaillierten Einblick in die Zusammen-
hänge zwischen der Molekülstruktur und der Dynamik der Tautomerisierung eines
isolierten Moleküls. Bisher gibt es jedoch nur wenige Untersuchungen der Tau-
tomerisierung von einzelnen Molekülen in der kondensierten Phase, wobei hier die
lokale Umgebung einen entscheidenden Einfluss haben kann. In dieser Arbeit wird
Tieftemperatur-Rastersondenmikroskopie angewendet, um die Tautomerisierung
von einzelnen Porphycenmolekülen auf Kupferoberflächen zu erforschen. Por-
phycen ist ein Isomer von Porphyrin mit ähnlichen chemischen Eigenschaften,
aber relativ starken Wasserstoffbrückenbindungen im Inneren des Moleküls, die
Porphycen zu einem interessanten Modell für die Dynamik von Wasserstoffbrü-
ckenbindungen machen. Die temperatur-, elektronen- und kraftinduzierte Tau-
tomerisierung sowie die zugrundeliegenden Mechanismen wurden mit Rastertun-
nelmikroskopie (STM) und Rasterkraftmikroskopie (AFM) untersucht.

Die trans zu cis Tautomerisierung durch heiße Ladungsträger und die ther-
misch induzierte Rückreaktion wurden auf der Cu(111) Oberfläche mit STM
erforscht. Der durch heiße Ladungsträger induzierte Prozess wurde nicht nur
unter der STM Spitze beobachtet, sondern auch in Molekülen bis zu 100nm

weit entfernt. Diese nichtlokale Reaktion kann durch die Fortbewegung heißer
Ladungsträger entlang der Oberfläche erklärt werden. Elektronen bewegen sich
dabei effizienter fort als Löcher, indem sie den Cu(111)-Oberflächenzustand nut-
zen. Zusätzlich wurde eine Wechselwirkung zwischen dem Oberflächenzustand
und der Adsorption der Moleküle nachgewiesen, die zu einer Abhängigkeit der
nichtlokalen Tautomerisierungseffizienz von der Molekülbedeckung führt.

Die kraftinduzierte cis zu cis Tautomerisierung wurde mit AFM auf Cu(110)
untersucht. Die Reaktion wurde ausschließlich von der Annäherung der Spitze
hervorgerufen, was die Wechselwirkung zwischen Spitze und Molekül als Auslöser
nahelegt. Kraftspektroskopie ermittelte die zum Auslösen der Reaktion benötigte
Kraft auf einen Bruchteil von Nanonewton. Dichtefunktionaltheorie-Simulationen
zeigten, dass die Spitze die Potentiallandschaft entlang der Tautomerisierungs-
koordinate deformiert und die Aktivierungsbarriere erheblich reduziert. Die Tau-
tomerisierung kann nicht durch ein Xenonatom an der Spitze ausgelöst werden,
wodurch die Bedeutung der chemischen Reaktivität der Spitze demonstriert wird.
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List of abbreviations
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Chapter 1

Introduction

This thesis investigates tautomerization, a conformational switching of a molecule
through transfer of atom(s) within the molecule. The most common form of tau-
tomerization involves transfer of hydrogen atom(s) between different binding sites
within the molecule such as keto ↔ enol and imine ↔ amine transformations.
Upon tautomerization the molecules change not only the structure but also the
properties. For instance, tautomerization can reversibly change the color of a
molecule depending on their environment, as for example the acidity of a solu-
tion, because different tautomeric forms may exhibit different electronic states [1].
Tautomerization has been a long-standing research topic as it can be found in the
pioneering work by Claisen in the late 19th century [2] and plays an important
role in chemistry and biology [3, 4]. Tautomerization is associated to chromism
and important biological processes as the binding to other molecules could be
influenced by tautomeric states and a biologically active molecule cannot be con-
nected to a specific receptor in the worst case. Therefore, tautomerization is
under investigation to cause the presence of mutagenic transformations of the
DNA [5–10] and plays a crucial role in pharmaceutical drug design [11–15].

Tautomerization has been studied intensively in the gas phase, in solution,
and in the solid state with spectroscopic methods such as rotational-vibrational
spectroscopy [16, 17], fluorescence spectroscopy [16, 18], and nuclear magnetic
resonance spectroscopy [19]. Although these studies have provided quantitative
insights into the tautomeric structure and tautomerization dynamics, the influ-
ence of the local environment on the tautomeric state remains poorly understood
at the single-molecule level. In this thesis tautomerization on a surface is studied
with SPM. The local probing capability of an SPM allows us to directly study
tautomerization within a single molecule.
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Chapter 1. Introduction

In recent years switching of single molecules on surfaces has attracted in-
creasing attention in the field of nanotechnology as a switch in molecular devices
in which individual molecules act as function unit [20]. Tautomerization could
be one of the promising candidates for such a switching module, but tautomer-
ization behavior in molecules anchored on surfaces was not explored in detail.
Recently, STM has been used to investigate single-molecule tautomerization on
surfaces [21–25]. Free-base naphtalocyanine [21], phthalocyanine [22], and a por-
phyrin derivative [23] have been reversibly switched between different tautomeric
forms. The molecule studied in this thesis is porphycene, which is a structural
isomer of porphyrin. Porphycene and porphyrin exhibit similar chemical proper-
ties [26], but a rectangular inner cavity of porphycene results in the formation of
strong hydrogen bonds, which lead to a reduced tautomerization barrier and a
faster tautomerization rate [27] compared to porphyrin [28]. Recent STM studies
of porphycene on Cu(110) showed a vibrationally and thermally induced reversible
cis to cis tautomerization with an activation barrier of about 170meV [24]. Fur-
thermore, by placing an adatom at different positions nearby a single porphycene
molecule the tautomerization rate could be modified in a controlled way [25],
demonstrating a crucial impact of the local environment on the process at the
atomic scale.

In this thesis the influence of the local environment on the tautomerization
behavior will be studied further and two additional excitation mechanisms will
be introduced: the nonlocal hot carrier-induced tautomerization and the force-
induced tautomerization. In the nonlocal excitation, reactions can be induced
very efficiently in areas up to tens of nm away from the STM tip. This will
be beneficial in future applications to operate molecular switches at the same
time within a defined local area. A hot carrier-induced reaction is also related
to other surface processes. For instance, a photochemical reaction on metal sur-
faces is induced through hot carrier generation followed by its attachment to
adsorbates [29]. Therefore, a detailed knowledge of hot carrier-induced processes
and the elucidation of environmental impacts will also contribute to the further
understanding of photochemical reactions on metal surfaces. Although several
studies on hot carrier-mediated reactions using STM have been reported [30–33],
the role of the surface state in hot carrier transportation and the influence of
the molecular coverage have not been investigated in detail. In this thesis the
hot carrier induced tautomerization of porphycene is investigated on a Cu(111)
surface that has a surface state above −0.4V with respect to the Fermi level [34].
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The second part of this thesis investigates the force-induced tautomerization
of a single porphycene on Cu(110). The tuning of the tautomerization using an
adatom manipulation nearby a porphycene molecule [25] implied the possibility to
control the potential landscape of the tautomerization coordinate with a precision
on the atomic scale. However, this raises the important questions - whether as an
extreme case of manipulation, the modification of the atomic scale environment
can induce a tautomerization and which interaction forces arise due to such a local
change in the environment. An NC-AFM can investigate the interactions between
the molecule and an approaching tip, whereby the tip simultaneously causes the
modification of the potential landscape along the tautomerization coordinate.

The thesis consists of the following chapters:

Chapter 2 introduces the porphycene molecule as a model system for tau-
tomerization. A general introduction of tautomerization is followed by a de-
scription of previous studies of single-molecule tautomerization on surfaces using
LT-STM and recent results of porphycene on Cu(110).

Chapter 3 outlines the basic physical and experimental working principles
of the STM and AFM and introduces the experimental set up.

Chapter 4 describes the experimental results on the tautomerization of por-
phycene molecules on a Cu(111) surface. First, the vibrationally and thermally
induced tautomerization of single porphycene molecules is discussed. Followed
by the description of the nonlocal hot carrier-induced tautomerization of por-
phycene. Here, the influence between the molecular coverage and the surface
state and vice versa and their effect to the hot carrier-induced tautomerization is
investigated.

Chapter 5 describes the force-induced tautomerization of a single porphycene
molecule on a Cu(110) surface by an AFM tip. Detailed force spectroscopy mea-
surements with sub-Ångström spatial resolution quantify the interaction forces
between the tip and the molecule and reveal in combination with DFT simula-
tions the mechanism of the force-induced tautomerization. Furthermore, a Xe
terminated tip is used to investigate the importance of the chemical nature of the
tip for the reaction.

Chapter 6 summarizes the key findings of this thesis and gives an outlook.
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Chapter 2

Study of single-molecule
tautomerization on surfaces

2.1 Tautomerization in a single-molecule studied
by LT-STM

2.1.1 Tautomerization

Tautomerization is defined as the intramolecular transfer of atom(s) or functional
group(s) to another isomer in an organic molecule, as special case of isomerism
the two tautomers have different structural skeletons, electronic density distribu-
tions and chemical properties [3, 35]. Tautomerization usually appears very fast
and reversible, leading to a very environment sensible equilibrium between the
tautomers [3,35]. The most common form of tautomerization is an intra molecu-
lar hydrogen atom transfer, the so-called prototropic tautomerization, which will
be studied in the research in this thesis.

Tautomerization is an important process in chemistry and biology [3, 4] and
has a long research history as can be seen by one of the pioneer works by Claisen
in 1896 [2]. Tautomers have been named the "chameleons of chemistry" [3], a
tautomer can adjust its chemical structure immediately in a new environment
and back to its original state under the initial conditions, resulting in new chem-
ical, biological and physical properties, which represent the fascinating possibili-
ties of tautomerization. Furthermore, tautomerization is directly associated with
chromism, as for example under new environmental conditions the color of a
compound can be changed by the occupation of other electronic states, due to a
modified HOMO-LUMO gap for a different tautomeric form. As the molecules
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Chapter 2. Study of single-molecule tautomerization on surfaces

can react to different stimuli, for example, photochromism, thermochromism, and
solvatochromism can be observed [1]. In biochemistry major and minor tautomers
can have different biological properties, e.g. the ability to bind to a specific ac-
ceptor/receptor in a biological system. DNA for instance is build up from bases
which have tautomeric forms and since the discovery of its structure, the possi-
ble influence of minor tautomers for mutagenic transformations of the DNA have
been investigated [5–10]. Due to the importance of tautomerization for biochem-
ical processes, it also plays a role in future pharmaceutical drug design [11]. In
pharmaceutical drug research recent investigations revealed tautomerization as a
factor for the effectiveness of the anti-HIV drug KP1212; by the use of multiple
tautomeric forms the drug causes mutagenic transformations in the replication of
the virus up to a level that causes a viral population collapse [14,15].

2.1.2 Tautomerization as single molecular switch

Recently, tautomerization has gained increasing attention in nanoscale science
as a single molecular switch. In order to use a single molecular switch as an
electronic compound, it needs to be integrated into the electronic device [20].
The contact of a single molecule to a metallic nanoelectrode could be realized
by STM atomic manipulation of single metal atoms to atomic chains, contact-
ing the molecule [36] or by an STM tip induced on surface polymerization of
nanowires [37, 38], which chemically bound to functional molecules [39]. To en-
sure a stable contact of the single molecular switch to the nanoelectrodes, the
molecular frame should be preserved upon switching the molecule. In contrast
to single molecular switches which drastically change their conformation, e.g.
azobenzene [40], tautomerization opens the possibility for controlled, reversible
and stable switching while maintaining the molecular frame. Recent theoreti-
cal simulations predict possible applications of single molecule tautomerization
switches contacted to nanoelectrodes as on-off conductance switch [41,42], nega-
tive differential resistance switch [43] or spin transport switch in a spin filtering
device [44]. For the experimental realization of single molecule switching devices,
the controlled tautomerization of single molecules in influence of their local en-
vironment is a key factor. And a first step towards the operation and design of
single molecule switching devices would be a detailed knowledge about the possi-
bility to observe and remotely induce single molecule tautomerization on surfaces.
For these investigations LT-STM proved to be a good tool as recent experiments
of free-base naphthalocyanine [21], phthalocyanine [22], and a porphyrin deriva-
tive [23] demonstrated.
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2.1. Tautomerization studied by LT-STM

2.1.3 Naphthalocyanine on a NaCl bilayer on Cu(111)

The first demonstration of single molecule tautomerization was shown by P. Lil-
jeroth and co-workers for the reversible trans-trans tautomerization in naphthalo-
cyanine (see figure 2.1a) on a NaCl bilayer (and ultra thin RbI and Xe layers) on
Cu(111) [21]. The LUMO and HOMO of the molecule were observed by dI/dV
spectroscopy at around 0.8V and −1.7V (see figure 2.1b). As the ultra thin
insulating layer of NaCl decouples the molecular orbitals from the underlaying
metal substrate, the almost pristine molecular orbitals can be directly imaged by
the STM at the corresponding bias voltage with a molecule functionalized STM
tip (see figures 2.1c, d). The STM images were in good agreement with simu-
lated images by DFT. The positions of the inner hydrogen atoms can be identified
in the two fold symmetric STM image of the LUMO. As shown in figures 2.1d
and 2.1e, the hydrogen atoms are located at the single-lobe sides and the nodal
planes are observable at the bare nitrogen sides. The tautomerization can be
induced by application of a bias voltage above the LUMO resonance with the
STM tip above the molecule (see figures 2.1d, f); at voltages around the LUMO
resonance the tautomerization could not be induced. A rotation of the molecule
could be ruled out by successful switching of the molecule next to step edges and
neighboring molecules. The current dependence of the switching revealed a one
electron process and the tautomerization rate showed a nearly exponential volt-
age dependence (see figure 2.1h), but the detailed switching mechanism remains
unclear.

2.1.4 Phthalocyanine on Ag(111)

Sperl and co-workers reported tautomerization of phthalocyanine (see figure 2.2a)
on a metal Ag(111) surface [22]. The molecules show a two-fold symmetry with
lower appearing ligands along the [11̄0] surface direction, indicating a saddle-
shaped distortion of the molecule (see figure 2.2b). Reversible tautomerization
can be induced by an STM voltage pulse above the center of the molecule with a
threshold voltage of 1.6V , as shown in figures 2.2b and 2.2c. The molecule can be
deprotonated by a voltage pulse above a threshold voltage of 3V , leaving a single
H atom in the cavity (see figure 2.2d). This single H atom can be tautomerized
by a voltage pulse above a threshold of 2.5V between two opposite positions
(see figures 2.2d, e) but could not be switched to the two ligands along the [11̄0]
surface direction.

7



Chapter 2. Study of single-molecule tautomerization on surfaces

Figure 2.1: Naphthalocyanine on a NaCl bilayer on Cu(111). a) Structure model
of the naphthalocyanine molecule (to scale with c, d and f). The arrow indicates
the H atoms in the inner cavity which are along the horizontal arms. b) STS of
the naphthalocyanine molecule. c, d) STM images of the HOMO at −1.6V (c)
and LUMO at 0.65V (d) measured with a molecule-terminated tip (current 1 pA).
e) Structural model of the position of the inner cavity H atoms of d). f, g) STM
image of the LUMO and structural model of the H atoms after the voltage pulse
induced tautomerization. h) Voltage dependence of the tautomerization rate at
a tunneling current of 1 pA fitted with an exponential slope of 165mV/decade.
(From Liljeroth et al. Science, 317:1203, 2007 [21]. Reprinted with permission
from AAAS. Adapted with permission of the author.)

Figure 2.2: Phthalocyanine on Ag(111). a) Structural model of the phthalocya-
nine (Pc) molecule. b-e) STM images of the phthalocyanine molecule on Ag(111)
at 7K. The inner cavity H atoms are sketched in the structural models in the
insets. b, c) The tautomerization of 2H-Pc can be induced by a voltage pulse of
1.6V . d) STM image after deprotonation of 2H-Pc to 1H-Pc by a voltage pulse
of 3V . d, e) Tautomerization of 1H-Pc with a voltage pulse of 2.5V . (Adapted
from Sperl et al. [22] with permission from John Wiley and Sons.)
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2.1. Tautomerization studied by LT-STM

2.1.5 Porphyrin derivative on Ag(111)

Auwärter and co-workers showed the tautomerization of free-base tetraphenyl-
porphyrin (2H-TPP) on a Ag(111) surface [23]. The macrocycle geometry of the
molecule on the surface is determined by a saddle-shape with pairs of opposite
pyrrole rings tilted upwards (α-pyr) and downwards (κ-pyr), as shown in figures
2.3a and 2.3b. The H atoms in the inner cavity are located at opposite positions
and can be tautomerized between the α- and κ-pyrrole rings (see figures 2.3c, d).
A rotation of the macrocyle can be excluded, as it would induce a rotation of the
phenyl legs, which show stable appearance on high resolution STM images after
switching the molecule. A deprotonation of the 2H-TPP to 1H-TPP could be
induced by a voltage pulse of 2V and the single H can be tautomerizes between

Figure 2.3: Tetraphenyl-porphyrin (TPP) on Ag(111). a) Pseudo three-
dimensional high resolution STM image of 2H-TPP on the Ag(111) surface. b)
Structural model of the adsorbed molecule. A saddle-shaped deformation results
from the inequivalent pairs of pyrrole rings labeled as α-pyrrole (α-pyr) which
are pointing away from the surface, marked in orange, and the κ-pyrrole (κ-pyr).
c, d) STM images and structural models of the 2H-TPP molecule with the two
inner cavity H atoms at the α-pyrrole rings (c) and κ-pyrrole rings (d) (Image
parameter: I = 0.1nA;V = −0.2V ). e) STM images and structural models
of the four possible states of the deprotonated 1H-TPP molecule with one inner
cavity H atom. (Adapted by permission from Macmillan Publishers Ltd: Nature
Nanotechnology [23], copyright 2012.)
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the four states (see figure 2.3e), which can be observed as four conductance levels
by placing the STM tip in an antisymmetric position above the molecule. The
current and voltage dependence of the tautomerization rate of the 2H-TPP and
deprotonated 1H-TPP was determined to get an insight into the mechanism.
The current dependence exhibits a one-electron process (see figure 2.4a) and the
voltage shows a symmetric dependence for positive and negatve polarity and
a threshold voltage of ±0.5V (see figure 2.4b), indicating an excitation of the
tautomerization via an inelastic electron tunneling process. The tautomerization
rates for the 2H-TPP and deprotonated 1H-TPP show the same characteristics,
suggesting the same mechanism for both tautomerization processes, which would
agree to a switching via an intermediate state for the two H atoms of the 2H-TPP.

Figure 2.4: Current and voltage dependence of the tautomerization rate of TPP
on Ag(111). a) Current dependence of the tautomerization rate for the 2H-TPP
and five 1H-TPP molecules. b) Voltage dependence of the tautomerization rate
for 2H-TPP and 1H-TPP. (Adapted by permission from Macmillan Publishers
Ltd: Nature Nanotechnology [23], copyright 2012.)
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2.2 Porphycene - model for hydrogen atom
transfer via hydrogen bonds

Porphycene, see figure 2.5a, is a planar and aromatic molecule and a structural
isomer of porphin (free-base porphyrin), see figure 2.5b, with comparable chemical
properties [26]. In contrast to porphin, porphycene has a rectangular inner cavity
leading to strong hydrogen bonds. Figure 2.5c and 2.5d depict structural sketches
of the inner cavities of porphycene and porphin. In porphycene the rectangular
cavity has dimensions of 2.6 × 2.8 Å [26], a NH bond length of 1.1 Å and 1.6 Å
[45], and a very straight alignment of the NH···N hydrogen bonded system with
an bonding angle of 152◦ [45], resulting in strong hydrogen bonds in the inner
cavity. These dimensions are very different in comparison to porphin, which has
a 2.9 × 2.9 Å [46] square cavity with a NH bond lengths of 1.0 Å and 2.3 Å [45],
and a hydrogen bond angle of 116◦ [45].

Figure 2.5: Chemical structure and inner cavity geometry of porphycene and
porphin. a) Chemical structure of porphycene and b) porphin and schematically
sketch of the inner cavity geometry of c) porphycene and d) porphin.

The porphycene can in principle exist in three different double degenerate
arrangements of the two H atoms in the inner N cavity of the molecule, the
so-called tautomers, tautomeric forms or states, as shown in figure 2.6. The H
atoms can be located at opposite N atoms in the trans state (see figure 2.6a),
or at neighboring N atoms in the cis-1 and cis-2 states (see figures 2.6b and c).

11



Chapter 2. Study of single-molecule tautomerization on surfaces

Figure 2.6: Porphycene tautomers. a) Porphycene in the trans, b) cis-1 and c)
cis-2 tautomeric state.

In the gas phase the trans and cis-1 state were calculated to have a comparable
total energy with the trans state as energetically favorable [47,48]. Due to steric
hindrances, the cis-2 state has a much higher energy and can be considered as
unstable [47, 49]. Therefore, the cis-1 tautomeric state will be referred to as cis
state in the following of this thesis.

Porphycene has a rapid tautomerization rate of (5.8±0.3)×1011 s−1 in ethylene
glycol solution at a temperature of 293K [27], which is a result of the strong H
bonds in the inner cavity. In comparison, porphyrin has a tautomerization rate
of around 1× 104 s−1 at 290− 295K [28]. Investigations of the tautomerization
of porphycene derivatives have revealed that the H bond strength in the inner
cavity is a dominant factor for determining the tautomerization rate [50]. These
results confirm the importance of the H bond strength for the tautomerization
rate and open the possibility to tune the tautomerization rate of porphycene by a
distinct design of the inner cavity geometry and H bond strength in porphycene
derivatives.

12
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2.3 Porphycene tautomerization on Cu(110)
studied by LT-STM

Previous studies in our research group by T. Kumagai and co-workers investigated
porphycene molecules on a Cu(110) surface by LT-STM and DFT simulations
[24, 25], which will be summarized in this section. On the Cu(110) surface, the
porphycene molecules adsorb isolated (do not cluster or form islands) with the
long molecular axis along the [11̄0] surface direction and show a crescent-shaped
protrusion in the STM image (see figure 2.7b), suggesting a cis tautomeric state
(see figure 2.7a). DFT simulations reveal that the cis tautomer is energetically
favorite adsorption state on the Cu(110) surface (see figure 2.7c-f), even though
the trans tautomeric state is slightly favorable in the gas phase [47, 48]. The
simulations show that the crescent of the protrusion results from the hydrogen
atoms at this side of the molecular cavity.

Figure 2.7: Porphycene on Cu(110) a) Chemical structure of the porphycene
molecule. b) STM image of a single porphycene moelcule on a Cu(110) surface at
5K (image parameters: V = 100mV ; It = 10nA; image size: 1.49 × 1.42nm2).
c) DFT simulated optimized structure of porphycene on Cu(110) - the cis tau-
tomeric state. d) DFT simulated STM image of the structure in c). e) DFT sim-
ulated optimized trans tautomeric state of porphycene on Cu(110). f) DFT simu-
lated STM image of the structure in e). (Adapted by permission from Macmillan
Publishers Ltd: Nature Chemistry [25], copyright 2014.)
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2.3.1 Vibrationally induced tautomerization via inelastic
electron tunneling

At low bias voltages of around 50 to 100mV , the molecular protrusion is imaged
static (see figure 2.8b), but at higher bias voltage as 190mV the STM image shows
sudden contrast changes (see figure 2.8c); their amount increases with increasing
bias voltage, leading to a fuzzy appearing porphycene molecule at 290mV (see
figure 2.8d). The porphycene tautomerizes reversible between the two mirror
symmetric cis tautomeric states (see figure 2.8a). A rotation of the molecule can
be excluded as this tautomerization is also observed at step edges and next to
neighboring molecules.

Figure 2.8: STM imaging of the cis to cis tautomerization. a) Chemical structure
of the two degenerate cis tautomeric states. b-d) STM images of porphycene in
voltage dependence. The sudden contrast changes in c) and d) correspond to the
reversible cis to cis tautomerization during the image scan (image parameters:
bias voltage is indicated in the images, It = 5nA; temperature: T = 5K; image
size: 2 × 2nm2 scan speed: 9 s/image). (Reprinted figure with permission from
Kumagai et al., Phys. Rev. Lett., 111:246101, 2013 [24]. Copyright 2013 by the
American Physical Society. Adapted with permission of the author.)

The tautomerization can also be induced by applying a high bias voltage pulse
over the porphycene molecule. The bias voltage dependence of the tautomeriza-
tion rate shows a threshold voltage of around 150meV and symmetric voltage
dependence for positive and negative bias voltages (see figure 2.9a) and the cur-
rent I dependence of the tautomerization rate R follows the power law R ∝ IN

with N the number of the electrons inducing the process (see figure 2.9b), sug-
gesting an excitation of molecular vibrations via an inelastic electron tunneling
process as origin of the tautomerization. For a vibration induced tautomeriza-

14

https://doi.org/10.1103/PhysRevLett.111.246101


2.3. Porphycene on Cu(110)

Figure 2.9: Vibrationally induced tautomerization. a) Voltage dependence
of the tautomerization yield for h-porphycene and d-porphycene. b) Current
dependence of the tautomerization yield for h-porphycene and d-porphycene.
(Reprinted figure with permission from Kumagai et al., Phys. Rev. Lett.,
111:246101, 2013 [24]. Copyright 2013 by the American Physical Society.
Adapted with permission of the author.)

Figure 2.10: Vibration spectra of h-porphycene and d-porphycene. a) dI/dV
spectra of h-porphycene and d-porphycene (Cu surface backward subtracted).
b) Calculated projected density of states for h-porphycene and d-porphycene on
Cu(110), the corresponding DFT optimized structure is shown in figure 2.7c.
The displacements of the two inner cavity H atoms and the four N atoms are
in-plane projected and the discrete vibrational modes Gaussian broadened by
2meV . (Reprinted figure with permission from Kumagai et al., Phys. Rev.
Lett., 111:246101, 2013 [24]. Copyright 2013 by the American Physical Society.
Adapted with permission of the author.)
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tion a dependence on the isotope can be expected. Therefore, the hydrogen atoms
in the molecular cavity were substituted by deuterium atoms and the voltage de-
pendency of the d-porphycene was determined. For high bias voltages around
250meV to 300meV the d-porphycene tautomerization yield differs explicitly
from the h-porphycene one (see figure 2.9a).

As shown in figure 2.10, dI/dV spectroscopy and calculated vibrational den-
sity of states reveal that the N-H and N-D stretching modes at an energy of
around 280meV and isotope shifted at around 380meV , respectively, are the
driving forces of the tautomerization in this bias voltage region. At bias volt-
ages slightly above the tautomerization threshold of 150meV , no isotope shift
can be identified (see figure 2.9a) and the tautomerization origins from a vibra-
tional band around 175meV (see figure 2.10b), involving in-plane modes which
are strongly coupled to out-of-plane motions of the molecular frame and do not
exhibit a clear isotope dependence.

2.3.2 Thermally induced tautomerization

STM images at low bias voltage but higher temperatures as 78K and 86K (see
figures 2.11a,b) show comparable features as STM images at bias voltages of
190mV and 290mV (see figures 2.8c,d), suggesting a thermal excitation of the
cis to cis tautomerization. The purely thermal excitation of this tautomerization
could be confirmed by the current independence of the tautomerization rate, as
a non constant current dependency can be expected for a partially STM induced
process. By fitting the temperature dependent tautomerization rate R to the
Arrhenius equation (R ∝ exp(−Ea/kBT ), with Ea the energy barrier, kB the
Boltzman constant, and T the temperature), as shown in figure 2.11c, the tau-
tomerization barrier of 168±12meV can be determined for the double degenerate
cis to cis tautomerization potential (see figure 2.11d). This energy stands in good
agreement with the onset of the vibrationally induced tautomerization of around
150meV , suggesting an influence of the responsible in-plane vibrational band for
the thermal and vibrationally induced process.

2.3.3 Control of tautomerization by STM manipulation

In absence of the tip, the cis to cis tautomeric states are degenerate and the
barrier has a symmetric potential landscape. Occupation statistics of the two
tautomeric states during tautomerization measurements with the tip positioned
above the hydrogen atoms reveal that the presence of the tip lifts this degeneracy.
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Figure 2.11: Thermal induced tautomerization. a,b) STM images at 78K and
86K, respectively. The sudden contrast changes correspond to reversible cis to
cis tautomerization. c) Temperature dependence of the tautomerization rate with
Arrehnius fit. d) Sketch of the degenerate cis to cis tautomerization potential
landscape with an energy barrier Ea of 168 ± 12meV as determined by the Ar-
rehnius fit of b). (Reprinted figure with permission from Kumagai et al., Phys.
Rev. Lett., 111:246101, 2013 [24]. Copyright 2013 by the American Physical
Society. Adapted with permission of the author.)

For a voltage pulse of 300mV at a fixed STM tip height (at a set point of
100mV and 10 pA), the hydrogen atoms are with 40% probability positioned
under the tip (high current) and 60% probability at the other side of the cavity
(see (i) in figures 2.12a,b). That this is a pure effect of the antisymmetric tip
positioning can be confirmed by inducing the voltage pulse at the center of the
porphycene molecule (this leads to the disadvantage that the tautomeric state
must be read out at a different position where the molecule has tautomerization
dependent conductance). The occupation respectively the potential landscape
of the tautomeric state can be tuned in a controlled way by manipulating an
adatom next to the porphycene molecule. For an adatom positioned around
0.9nm away from the molecule along the [001] surface axis, the cis state with the
hydrogen atoms located at the cavity side closer to the adatom gets an increasing
occupation (see (ii) in figures 2.12a,b) and for a very close adatom with around
0.5nm distance to the molecule, the hydrogen atoms are energetically favorable at
the opposite cavity side; then the adatom and the tautomerization gets quenched
(see (iii) in figures 2.12a,b).
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Figure 2.12: Controlled tautomerization tuning by adatom manipulation. a)
Tautomerization state occupation measurement of the adatom set up (i) to (iii)
in b). The high current state corresponds to a hydrogen atom cavity position
under the STM tip. The presence and position of the adatom in (ii) and (iii)
tune the occupation of the two cis tautomeric states. b, c) STM images and
DFT optimized structures of the porphycene molecule and adatom setup. d)
DFT calculated tautomerization barriers of the corresponding adatom positions
in c) in absence of the tip. (Adapted by permission from Macmillan Publishers
Ltd: Nature Chemistry [25], copyright 2014.)

18

https://doi.org/10.1038/nchem.1804


Chapter 3

Scanning Probe Microscopy (SPM)
Techniques

3.1 Scanning Probe Microscopy (SPM)

SPM started with the invention of the STM by Binnig and Rohrer in 1982 [51]
and revolutionized the experimental possibilities of real space imaging on the
atomic scale [52]. The basic concept of an SPM is the detection of the surface
properties under an atomically sharp tip in a raster scanning manner across the
surface giving a real space of the probe with atomic precision [53, 54]. Even
though the scanning determined the name of the SPM family the results are not
limited to the imaging capabilities of the SPM and a wide range of spectroscopic
measurements are also possible at individual single positions on the surface [55,
56]. Another prominent application is the manipulation of atoms, molecules
or the surface by the tip on the atomic scale [57–61]. Technical key aspects
to realize such a system are a sophisticated vibrational damping and isolation
of the scanning unit and the sample, an atomically precise motion of the tip,
and in nearly all cases, the realization of an appropriate feedback mechanism to
control the tip motion. The application range of SPMs is huge and determine
the further requirements on a setup. SPMs are successfully operated in a vast
range of environments as from ultrahigh vacuum to air and liquids as well as
in a broad temperature range starting in the mK regime. The setup used in
this thesis is a combined STM/AFM system operating in ultrahigh vacuum and
at low temperatures around 5K allowing detailed investigations of tunneling
electron- and force-induced processes on the atomic scale. This chapter gives
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an introduction to the basic working principles, the operation modes, and the
theoretical models describing the measurement principles of STM and AFM.

3.2 Scanning Tunneling Microscopy (STM)

3.2.1 Working principle of an STM

The STM uses quantum tunneling to investigate and image the surface of con-
ductive samples with atomic resolution. The wave and particle nature of matter
in quantum mechanics allows the tunneling of electrons through a barrier with a
finite probability. In the STM this tunneling probability is used to quantify the
local surface properties without direct contact between tip and sample. A bias
voltage is applied between the tip and the sample, causing a tunneling current
through the vacuum (or air) barrier, whereby the tunneling current depends very
sensitively on the barrier thickness respectively the tip-sample distance and the
density of states of tip and sample, as will be discussed in detail in the following
sections.

Figure 3.1: STM operation modes. a) In constant height mode, the STM tip
scans the surface (scan direction x) at a constant tip height z and the change in
the tunneling current I is measured. b) In constant current mode, the tip height
is regulated via a feedback loop to keep the tunneling current constant and the
change in the tip height is detected.

The STM can be operated in constant height or constant current mode, see
figure 3.1. In constant height mode, the STM tip is scanned at a given tip height
over the surface and detects the tunneling current, as sketched in figure 3.1a.
This operation mode does not require a feedback mechanism which allows a fast
scanning speed but increases the risk of a collision between tip and sample at
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atomic steps or adsorbates. In constant current mode, a feedback mechanism is
used to keep the tunneling current between tip and sample constant and the tip
height is detected while scanning, see figure 3.1b. Therefore, a sufficiently fast
feedback mechanism eliminates the risk of collision into the surface or adsorbates.
The drawback of the constant current mode is a slower scan speed, which is
required to ensure a sufficiently fast reaction of the feedback.

3.2.2 Tunneling model of Tersoff and Hamann

Shortly after the invention of the STM by Binnig and Rohrer in 1982 [51] Tersoff
and Hamann developed a theoretical model to describe the tunneling current be-
tween tip and sample in 1983 [62, 63] by adopting the Bardeen tunneling model
for solids [64]. Within the limits of small voltages and low temperatures, they
derived the well known exponential dependence of the tunneling current on the
tip-sample distance for a s-wave like tip. This exponential distance dependence
constitutes one of the key factors for the STM capability to resolve atomic reso-
lution with an atomically sharp tip.

Figure 3.2: Schematic of the Tersoff and Hamann STM tunneling junction
(adopted from [62]). The tip apex is assumed to have a spherical geometry with
radius R and center ~r0 and the surface is assumed as planar with a minimum
distance z between tip and sample.

The Tersoff and Hamann tunneling model assumes a spherical tip and a planar
surface, as shown in figure 3.2. Hence, the tunneling current I can be given in
Bardeen’s formalism [64] in first order by [62]

I =
2πe

~
∑
µν

f(Eµ)[1− f(Eν + eV )] |Mµν |2 δ(Eµ − Eν) (3.1)

with f(E) the Fermi function, V the applied bias voltage between tip and sample,
Mµν the tunneling matrix element between the states of the tip ψµ and the states
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of the surface ψν , and Eµ (Eν) the energy of ψµ (ψν) in absence of tunneling. In
the limit of low temperatures (room temperature or below) and small voltages
(around 10meV ), the tunneling current can be expressed as [62]

I =
2π

~
e2V

∑
µν

|Mµν |2 δ(Eν − EF )δ(Eµ − EF ). (3.2)

The tunneling matrix elementMµν can be given according to Bardeen [64] as [62]

Mµν = − ~2

2m

∫
d~S · (ψ∗µ5 ψν − ψν 5 ψ∗µ) (3.3)

with ~S a surface lying anywhere in the vacuum barrier between the tip and the
surface and (ψ∗µ5ψν−ψν5ψ∗µ) the current operator. To calculate the tunneling
matrix element, Tersoff and Hamann assume an asymptotically spherical tip wave
function (s-wave tip), which leads to [62,63]

Mµν =
~2

2m
4πk−1Ω

− 1
2

t kRekRψν(~r0) (3.4)

with k = ~−1(2mΦ)1/2 the the inverse decay length for the wave functions in
vacuum, Φ the work function of the tip and sample (which are assumed to be
equal), Ωt the probe volume, R the radius of curvature of the tip, and ~r0 the
position of the center of curvature of the spherical tip, as shown in figure 3.2.
This leads to a tunneling current of [62]

I = 32
π3

~
e2V Φ2ρt(EF )R2 e

2kR

k4

∑
ν

|Ψν(~r0)|2 δ(Eν − E) (3.5)

with ρt the density of states per unit volume of the tip. Since |Ψν(~r0)|2 ∝ e−2k(R+z)

[62], the exponential distance dependence of the tunneling current follows

I ∝ e−2kz. (3.6)

Defining the local density of states (LDOS) of the sample ρ(~r0;E) as

ρ(~r0;E) ≡
∑
ν

|Ψν(~r0)|2 δ(Eν − E) (3.7)
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the tunneling current can be summarized as proportional to the LDOS of the
sample

I ∝ V ρt ρ(~r0;E). (3.8)

It should be noted that the tunneling current also depends on the density of states
of the tip ρt which is assumed to be constant. But the experimental assurance of
a constant tip and the estimation of the tip properties constitutes one of the key
challenges in STM measurements.

3.2.3 Scanning Tunneling Spectroscopy (STS)

Electronic spectroscopy of the surface can be measured locally by the so-called
scanning tunneling spectroscopy (STS). Hereby the LDOS of the surface is inves-
tigated in dependence of the applied bias voltage. The limit of small bias voltage
in the order of around 10mV leading to equation 3.8 is not appropriate in STS.
Therefore, Selloni and coworkers [65] followed the basic assumptions of the Tersoff
and Hamann model and suggested an expression for the tunneling current which
is more general in dependence of the applied voltage. In the limit of a s-wave tip
and zero temperatures, they expressed the tunneling current I as an integral over
the applied bias voltage between tip and sample [65]

I(V ) ∝
∫ EF+eV

EF

ρ(~r0, E − EF ) ρt(E) T (V, z, E) dE (3.9)

with EF the Fermi energy, eV the energy corresponding to the applied bias voltage
V between the tip and the sample, ρ(~r0, E −EF ) the LDOS of the sample at the
tip position ~r0, ρt(E) the DOS of the tip and T (V, z, E) the transmission function
for the tunneling through the vacuum barrier (T (V, z, E) = |Mµν |2).

The tunneling through a vacuum barrier between tip and sample at an applied
bias voltage is sketched in figure 3.3. At negative bias voltage −eVs, as shown in
figure 3.3a, the Fermi level of the sample is shifted with respect to the Fermi level
of the tip and electrons tunnel from the occupied electronic states of the sample
to the tip, indicated by arrows. At a positive applied sample bias voltage +eVs
the electrons tunnel from the tip into the unoccupied sample states, as shown
in figure 3.3b. The transmission function of the tunneling electrons is energy
dependent and can be assumed to increase exponentially [52] as indicated by the
length of the arrows. The tunneling current is the sum of all tunneling electrons
in the energy window between the Fermi levels of the tip and sample.
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Figure 3.3: Scanning tunneling spectroscopy (STS). Schematic sketch of the tun-
neling barrier junction between tip and sample separated by a vacuum barrier of
thickness z. a) At negative sample bias voltage −Vs, the Fermi level EF of the
sample is shifted by −eVs with respect to the Fermi level of the tip and tunneling
electrons flow from the occupied sample states to the unoccupied tip states as
depicted by arrows. b) At positive sample bias voltage +Vs, tunneling electrons
flow from the occupied tip states to the unoccupied sample states. The length of
the arrows indicate the exponential energy dependence of the transmission func-
tion. The work function of the sample Φs (tip Φt) is given by the energy difference
between the Fermi level and the vacuum level Evac.

To quantify the LDOS at a specific energy, the dI/dV signal can be measured.
Assuming the tip DOS ρt and the transmission function T (V, z) as constant in
energy, the LDOS can be expressed as directly proportional to the dI/dV signal
[65]

dI

dV
∝ ρ(~r0, EF + eV ) ρt T (V, z). (3.10)

But in experiment the consequences of these approximations should be taken into
consideration. In STS measurements, the tip density of states depends strongly
on the properties of the tip and has to be assessed. To quantify the tip properties,
a reference dI/dV spectrum can be measured for example over the bare metal
substrate and a comparison to literature can determine the nature of the tip as
metallic or identify whether the LDOS indicate the adsorption of nonmetallic
components as a picked up molecule on the tip. In the latter case, a convolution
of the LDOS of the tip with the LDOS of the sample has to be taken into account.
To avoid this, the tip is usually treated by small intentional dipping into the metal
surface and voltage pulses until the tip has a metallic nature. The assumption of
the transmission function as energy independent can for example be seen as an
approximation to its upper limit at an energy corresponding to the applied bias
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voltage E ≤ eV . This results in a monotonous underestimation of the dI/dV
signal at lower energies but will not result in a convolution of the dI/dV signal
with additional features. In case of relevance, the underestimation of the low bias
voltage dI/dV signal should be taken into consideration in a normalization of the
dI/dV spectrum [52].

In principle a differential conductance dI/dV spectrum can be measured by
detection of the current signal during a bias voltage ramp and calculation of the
current signal derivative. However, in order to enhance the signal to noise ratio,
the dI/dV signal is commonly directly detected by using a lock-in-amplifier. In a
lock-in detection technique, a part of the incoming signal is modulated with a spe-
cific frequency in such a way that the measurement observable gets modulated
with this frequency. This allows to extract only the modulated measurement
observable out of the measured signal and improves the signal to noise ratio.
Thereby, the detection of small signals within a large background is enabled. In
STS measurements a lock-in-amplifier modulates the bias voltage with a oscilla-
tion signal Vmodsin(ωt). The resulting modulated tunneling current signal can be
approximated by a Taylor expansion

I(Vbias + Vmod sin(ωt)) ≈ I(Vbias) +
dI(Vbias)

dV
Vmod sin(ωt) + ... (3.11)

giving the dI/dV signal as directly proportional to the amplitude of the modu-
lated signal which can be extracted. Next to the increased signal to noise ratio,
the direct detection of the dI/dV signal exhibits the advantage that the bias volt-
age does not need to be ramped to measure the dI/dV signal. This is used for
example in so-called dI/dV mapping where the surface dI/dV signal is imaged
at a specific energy.

3.2.4 Inelastic Electron Tunneling Spectroscopy (IETS)

In STS the tunneling electrons preserve their energy and tunnel elastically from
the tip through the vacuum barrier into the surface or vice versa. If the electrons
excite during the tunneling a (molecular) vibration and lose energy, the electrons
tunnel inelastically which can be quantified in so-called Inelastic Electron Tunnel-
ing Spectroscopy (IETS). To excite a molecular vibration, the tunneling electrons
need at least the energy corresponding to the molecular vibration eV ≤ ~ω. Be-
low the vibrational energy ~ω only elastic tunneling occurs but a part of the
tunneling electrons tunnel inelastically above the vibrational energy, leading to
an additional tunneling channel. If the change in the elastic and inelastic tun-
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neling probability is not equal, it can be observed in the IETS. Commonly, the
opening of the inelastic tunneling channel results in an increase of the tunneling
probability and can be observed as a kink in the current signal (see figure 3.4b),
a step in the dI/dV signal (see figure 3.4c), and a dip and peak in the dI2/dV2

signal at an energy of ±~ω (see figure 3.4d). In an experiment the latter two are
detected by a lock-in amplifier which results in a higher detection sensitivity due
to the increased signal to noise ratio. With the detection of molecular vibrations
with IETS [66–68], the STM also has a chemical sensitive tool next to its atomic
resolution imaging possibilities.

Figure 3.4: Inelastic electron tunneling spectroscopy (IETS). a) Schematic sketch
of the tunneling barrier configuration. If the applied bias voltage provides suffi-
cient energy to excite a (molecular) vibration with ~ω, the electrons can tunnel
inelastically through this additional channel (next to the elastic channel symbol-
ized by the dotted arrow). b) The molecular vibration can be observed as a kink
in the current channel, c) a step in the dI/dV signal, and d) a dip and peak in
the dI2/dV2 signal at an energy of ±~ω.
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3.3 Atomic Force Microscopy (AFM)

3.3.1 Working principle of an AFM

In 1986 Binnig, Quate, and Gerber realized the first setup of an AFM, open-
ing the possibility to measure forces on the atomic level and to achieve spatial
atomic resolution imaging on non conductive samples [69]. Similar to the STM,
the AFM scans and images the surface but in contrast to the tunneling current
detecting STM setup, the AFM detects the interaction forces between the tip
and sample. Therefore, also the investigation of non conductive samples and tip
materials is possible, as this detection principle requires no current flow between
tip and sample. This is a huge advantage and led to an even broader application
field of the AFM. But also in combination with STM, the AFM opens the possi-
bility to additionally investigate the tip-sample forces, which results in a deeper
understanding of surfaces at the atomic level.

AFMs can be operated in contact, non-contact, static, and dynamic mode.
Depending on the operation mode, they directly quantify the interaction forces
between tip and sample or a related parameter as the force gradient. For the
detection an STM setup or a cantilever with a laser detection system can be
used. In this thesis a combined STM/AFM system is used and an introduction
to measured forces, the operation modes and the force detection with NC-AFM
will be given in the flowing. As the AFM operation and set up are very diverse,
the introduction focuses on the motivation and description of the used NC-AFM.
In addition, comprehensive explanations of the different detection modes, AFM
sensors and setups can be found in literature [52,70–73].

3.3.2 Forces in AFM

In AFM different forces contribute to the interaction between tip and sample. In
UHV experiments short range chemical forces, van der Waals forces, electrostatic
forces, and magnetic forces contribute to the total interaction force. As the latter
requires magnetic tips and samples, it is not a force which will be discussed
in this thesis. The following sections will fokus on the short range chemical
forces and the long-range van der Waals forces. At this point only the long-range
nature of the electrostatic forces should be mentioned and their relevance for
AFM measurements will be discussed later in a separate section.
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3.3.3 Chemical forces - Morse potential model

The short range chemical forces are of attractive and repulsive nature. They are
present in the AFM measurement if the distance between the tip and sample is
in the order of Ångströms so that the wave functions overlap. For simultaneous
STM and AFM measurements, the chemical forces have comparable range to the
tunneling current. In an idealized case these short range forces can be modeled
by the interaction potential between two single atoms. In 1929 Philip M. Morse
proposed a model potential for the interaction in a diatomic molecule [74]

UMorse(z) = −Ed[e−2κ(z−ze) − 2e−κ(z−ze)] (3.12)

FMorse(z) = −Ed2κ[e−κ(z−ze) − e−2κ(z−ze)] (3.13)

with z the distance between the two nuclei, respectively the tip-sample distance
in AFM, Ed the bond energy at the minimum potential z = ze, the so-called the
equilibrium distance ze, and κ the decay length. The Lennard-Jones potential [75]
is an alternative model with very similar properties [76].

3.3.4 Van der Waals forces - London dispersion force

Van der Waals forces describe the dipole interactions between atoms and molecules.
The exceptional nature of van der Waals forces is their interaction in long range
between all kind of atoms and molecules. Explicitly, also totally neutral atoms
and molecules contribute to the van der Waals forces due to induced dipole inter-
actions, the so-called London dispersion forces. In case of presence, the interaction
forces between two permanent dipoles, as well as the interaction forces between
a permanent and an induced dipole can add to the London dispersion forces.

The origin of the London dispersion force is of quantum mechanical nature.
Considering a neutral atom, an instantaneous dipole moment can be present due
to the instantaneous position of the electrons around the nuclei. The electric field
of this instantaneous dipole moment polarize another atom close by and induce
a dipole moment in it [77]. In the simplified case one can assume the dispersion
forces as rigid, cohesion forces which are additive [78]. The dispersion energy
between two identical neutral atoms or molecules can be expressed according to
London by [78] [77]

UvdW (z) = −Cdisp
z6

(3.14)
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with Cdisp a coefficient describing the interaction strength and z the distance
between the atoms or molecules. The total present dispersion forces can then be
expressed as a sum over all participating particles. For the case of a spherical
tip over an infinite plate, the dispersion energy is given according to Hamaker
by [79] [77]

UvdW (z) =
HR

6z
(3.15)

FvdW (z) = −HR
6z2

(3.16)

with H = π2Cdispρtρs the Hamaker constant, R the tip radius, z the tip-surface
distance, ρt the density of states of the tip and ρs the sample. In principle van
der Waals forces are present from short to long-range distances but their additive
nature results in a particular importance for the long-range interaction regime.
For tip-sample distances larger than around 1nm [52], the van der Waals forces
are the largest forces which are detected in an AFM.

3.3.5 Operation modes - static and dynamic AFM

The force detection with an AFM can be realized with different operation modes
which have advantages and disadvantages especially with respect to the construc-
tion of the experimental setup, a direct or indirect quantification of the measured
interaction forces, and the spatial detection limit of the investigated surface sys-
tems. In the straight forward approach, a cantilever can be used to measure the
deflection due to the interaction forces. In this case, the AFM operates in a static
AFM mode and the interaction force can be extracted directly out of the deflec-
tion signal. But in order to observe a high resolution AFM signal, the tip-sample
distance must be small to sense the short range chemical forces, as the long-range
van der Waals forces dominate the signal at larger tip-sample distances. In static
AFM mode the large attractive forces at very close tip-sample distances can re-
sult in the problematic situation that a insufficiently stiff cantilever gets pulled
into the surface, a so-called jump to contact. Such a jump to contact can cause
damage on the surface and the tip. Here, literature shows that atomic periodicity
can be imaged [80–82]. However, the detection of so-called true atomic resolution
with local atomistic effects (e.g. defects) is hardly possible [70, 83]. For stable
measurements the stiffness of the cantilever k must always exceed the maximal
measured tip-sample force gradient kmaxts [70]

k > kmaxts . (3.17)
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Dynamic operation of the AFM opens the possibility to prevent a jump to
contact by oscillating the tip and enables to image true atomic resolution [54,84].
With the choice of a sufficient oscillation amplitude a, it can be ensured that the
tip has enough energy to retract again at its smallest tip-sample distance without
being pulled into the surface. For a stable dynamic AFM operation, the force
ka of the with amplitude a oscillating cantilever needs to exceed the maximal
measured tip-sample force Fmax

ts [70]

ka > Fmax
ts . (3.18)

Therefore, next to the oscillation amplitude, the cantilever stiffness provides
an additional parameter to prevent a jump to contact in dynamic AFM. A detailed
description of further advantages of dynamic AFM, like the reduction of low-
frequency noise, can be found in literature [70].

Dynamic AFM can be operated in amplitude modulation and in frequency
modulation. Both detection modes have their technical advantages and limita-
tions and probe different force related properties of the sample. Thus, their use
is determined by the sample under investigation and the applied system. Ampli-
tude modulated operation as the intermittent contact mode (tapping mode) are
commonly used under ambient conditions. For UHV experiments the frequency
modulation has become the standard operation mode due to its faster scan time.
Frequency modulated dynamic AFM, the so-called NC-AFM, is used for the re-
search in this thesis and its methodology will be introduced in the following
sections.

3.3.6 Non-contact AFM (NC-AFM)

In NC-AFM (frequency modulated dynamic AFM) the tuning fork is oscillated
with an oscillation amplitude a at its resonance frequency f0. The oscillation
amplitude is kept constant while the resonance frequency is shifted when forces
act on the tip due to interactions with a probe. This frequency shift ∆f is the
measurement observable and gives a drawback on the acting forces. Generally,
it is not trivial to derive the tip height dependent forces acting on the tip from
the measured frequency shift, as the tip is oscillating. However, the dependence
can be deduced analytically in the so-called small amplitude limit, which is valid
for small oscillation amplitudes compared to the length scales of the tip-sample
interaction forces and assumes a constant force gradient over an oscillation cycle
of the tuning fork [70].
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The oscillating tuning fork can be modeled by a damped harmonic oscillator

f0 =
1

2π

√
k

m
(3.19)

with k the spring constant and m the mass of the tuning fork. The tip-sample
forces F are changing the resonance frequency of the oscillator to a new frequency
f = f0 + ∆f and in the limit of a constant force gradient kts = dF

dz
over one

oscillation cycle, this can be expressed by

f = f0 + ∆f =
1

2π

√
k + kts
m

. (3.20)

This leads to an observed frequency shift of

∆f = f − f0 =
1

2π

√
k

m

(√
1 +

kts
k
− 1
)
. (3.21)

For kts � k the square root can be simplified with x = kts
k

by the approximation
of
√

1 + x ≈ 1 + 1
2
x which is valid for small x [52]

∆f =
1

2π

√
k

m
· 1

2

kts
k

=
f0

2k

dF

dz
. (3.22)

The frequency shift ∆f is therefore proportional to the force gradient dF
dz

of the
tip in the limit of a constant force gradient over an oscillation amplitude cycle
and kts(z)� k.

3.3.7 Sader Jarvis Method

In general the force gradient can not be considered as constant especially for
large oscillation amplitudes or very close tip-sample distances where the forces
depend very strongly on the distance to the surface. For an arbitrary force F one
can derive a general expression for the frequency shift ∆f by the Hamilton-Jacobi
formalism in first order approximation for ∆f � f0 as reported by Giessibl [85,86]

∆f = − f0

πak

∫ 1

−1

F
(
z + a(1 + u)

) u√
1− u2

du (3.23)

with f0 the resonance frequency, a the oscillation amplitude, and k the spring
constant of the cantilever, and z the distance of closest approach between tip and
sample. This general form of the frequency shift must be inverted in order to
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reveal the measured forces in dynamic force spectroscopy. In the limits of small
or big oscillation amplitudes in comparison to the length scale of the interaction
forces, this can be solved analytically [85]. Nevertheless, a general expression
for arbitrary oscillation amplitudes and forces is not known. Sader and Jarvis
[86] proposed a force deconvolution method using a Laplace transformation and
an appropriate Bessel function which can be applied for arbitrary forces and
oscillation amplitudes.

It gives for the interaction force F (z)

F (z) = 2k

∫ ∞
z

(1 +
a1/2

8
√
π(t− z)

)
∆f(z)

f0

− a3/2√
2(t− z)

d(∆f(z)
f0

)

dt
dt . (3.24)

For the interaction energy U(z) the Sader Jarvis method gives

U(z) = 2k

∫ ∞
z

∆f(z)

f0

(
(t− z) +

a1/2

4

√
t− z
π

+
a3/2√

2(t− z)

)
dt . (3.25)

For small and large oscillation amplitudes the Sader Jarvis formulas converge
to the analytically determinable exact solutions and gives an error of less than
5% in all other cases. But it should be noted again that the formulas are only
valid for a constant oscillation amplitude which is independent of the tip-sample
distance, whereby its realization with appropriate feedback parameters can be an
experimental challenge.

3.3.8 Electrostatic forces and Contact Potential Difference
(CPD)

Electrostatic forces arise due to different work functions between the metallic tip
and sample. If two metals with different work functions Φ are not in contact to
each other, the work functions align to the vacuum level Evac and their Fermi
energies EF are not aligned, this situation is sketched in figure 3.5a. If the two
metals are in electrical contact to each other, electrons flow from the metal with
the lower work function to the metal with the higher work function until surface
charges compensate the work function difference and the Fermi levels are aligned,
see figure 3.5b. The vacuum levels of an electrically connected tip and sample are
not aligned and separated by the work functions difference ∆Φ = Φt−Φs = eVCPD
which is commonly referred to as contact potential difference (CPD) VCPD in the
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Figure 3.5: Electrostatic forces and contact potential difference (CPD) in AFM.
a) Two metals with different work functions, Φt for the tip and Φs for the sample,
align their vacuum levels Evac when they are not in contact to each other. b) If
they are in contact, electrons flow from the metal with lower work function to the
other and build up surface charges until the electric field of the surface charges
aligned the Fermi levels EF of the tip and sample. The electrostatic field between
the tip and sample leads to the electrostatic forces. The vacuum levels differ by
the work function difference ∆Φ, the corresponding voltage VCPD is defined as
CPD. c) The electrostatic field and forces vanish if an applied bias voltage Vs is
equal to the CPD Vs = VCPD.

field of AFM. The electrostatic force results from these surface charges which
compensate for the work function difference of the electrical connected tip and
sample of an AFM. In a simple model the surface charges of tip and sample can
be seen as a capacitor. For a spherical tip over an infinite plate sample, the
electrostatic forces can be expressed by [87]

Fel(z) = πε0

[ R2

z(z +R)

]
V 2
cap (3.26)

with z the tip-sample distance, ε0 the permittivity of free space, R the tip radius,
and Vcap the voltage of the capacitor. The voltage of the capacitor is determined
by the CPD VCPD between tip and sample and the applied bias voltage Vs

Vcap = Vs − VCPD. (3.27)

If a bias voltage equal to the CPD of the tip-sample junction is applied Vs = VCPD,
the work function difference can be compensated without surface charges and the
electrostatic force component vanishes, as sketched in figure 3.5c.

The electrostatic force follows, according to equation 3.26, a parabolic voltage
dependence with a minimum at the CPD for Vs = VCPD. Here a bias voltage
sweep can be used to measure the CPD between tip and sample. This capacitive
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detection method was proposed by Kelvin as early as 1898 [88] and has become
common to detect the CPD in AFM measurements.

Figure 3.6: CPD measurement.
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3.4 Experimental setup

The measurements shown in this thesis were preformed in a customer modified
commercially available low-temperature Omicron SPM system [89] equipped with
Nanonis electronics from Specs GmbH [90] and operating at low temperatures of
5K unless stated otherwise. All measurements and sample preparations were pre-
formed under UHV conditions with a base pressure of around 10−10−10−11mbar

to avoid surface contaminations. The theoretical principles and technical details
of vacuum technology are described in detail in various books [91–95]. Therefore,
the following will focus on a brief description of the used setup and the sample
preparation.

3.4.1 Setup of the UHV chambers

The SPM used in this thesis is situated in a UHV setup. Single crystalline metal
surfaces are in general very reactive and easily contaminated by e.g. H2O, O2,
etc. in air. Therefore all the measurements and sample preparations in this thesis
are preformed under UHV conditions with a base pressure of around 10−10mbar

to ensure an atomically clean and stable surface structure without the influence
of contaminations. The UHV conditions in the setup are realized by a turbo-
molecular pump, two ion-pumps, two titan-sublimation-pumps and the cryostat
functioning as cooling pump. In figure 3.7 a photo of the UHV system is shown
consisting of the SPM chamber equipped with the cryostat and the preparation
chamber. Both chambers are separated by a gate valve to allow sample prepara-
tion without disturbing the base pressure in the STM chamber. The system is
situated on air legs to separate it from vibrations transfered via the laboratory
floor. The system is constructed to allow the sample cleaning and preparation
with molecules in the separated preparation chamber and transfer the fresh pre-
pared sample within UHV conditions to the SPM chamber for the measurements.
For sample preparations at low temperatures on the surface within the SPM,
molecules or gas atoms can also be deposited in the SPM chamber. The UHV
setup is equipped with a load lock to provide an easy transfer channel for new
samples, STM tips or q+-sensors into the system without breaking the UHV con-
ditions. Thereby, STM tips and q+-sensors can be handled within the system
and exchanged in the SPM head via the same mechanism as the samples.

For the sample cleaning, preparation and handling, the preparation chamber
is equipped with the following tools:
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Figure 3.7: SPM setup. Photo of the SPM setup which consists of the SPM
chamber and a gate valve separated preparation chamber. The SPM head in the
SPM chamber is cooled by liquid nitrogen and helium in the cryostat. The ma-
nipulator is used to transfer samples and tips within and between the chambers.
The whole setup is situated on air legs to damp mechanical vibrations from the
laboratory floor.

• Load lock: a gate valve separated, very small chamber which can be pumped
within a few hours to allow transferring of samples and tips without breaking
the UHV of the preparation chamber.

• Manipulator: to handle the samples and tips in the preparation chamber.
The manipulator can be moved along all three axes and can be rotated by
360◦.

• Heating stage (on the manipulator): for annealing the sample for example
after the sputtering.

• Screwdriver: to fix the sample on the manipulator stage to allow the use of
all manipulator angles without risk of dropping the sample.

• Argon gas valve: to provide Argon gas for the sample cleaning.
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• Sputter gun: to accelerate Ar-ions on the surface to remove contaminations
from the surface.

• Molecule evaporator: for the deposition of molecules on the surface.

• Quartz balance: to quantify the evaporation rate from the molecule evapo-
rator.

• Quadrupole mass spectrometer: to detect the composition and evolution of
the present particles in the UHV system for example during a leak check.

For the sample transfer, storage and the low-temperature sample preparations
within the SPM, the SPM chamber is equipped with the following tools:

• Wobble stick: for the tip and sample transfer into the SPM head and open-
ing and closing of the cooling shields.

• Gas valve: for deposition of e.g. Xe atoms on the cold sample located in
the SPM head.

• Sample garage: for the storage of samples, STM tips, and AFM sensors
under UHV conditions and the possibility to exchange them fast.

3.4.2 SPM head

The SPM head is located in the SPM chamber below the cryostat. It is cooled
by the liquid helium and nitrogen in the cryostat and surrounded by two cooling
shields for the realization of a temperature of 5K. Figure 3.8 shows a photo
of the SPM head with dismantled cooling shields. The SPM tip is placed on
piezo crystal which allows the atomically precise scanning of the tip. The sample
can be slided into the sample holder which is equipped with a heating stage and
a temperature controller. With the temperature controlled heating, the sample
can be measured at constant intermediated temperatures in the range between
5K and room temperature. The SPM head is mounted on three springs to the
SPM chamber system. Together with an eddy current brake, the springs provide
a good vibrational isolation to the rest of the system to prevent disturbances
during the measurement. Additionally, the system is equipped with a clamping
mechanism to allow efficient cooling, for example after a sample transfer. In
clamped position, the SPM head is thermally coupled to the cryostat via a Cu
block. During the measurements, the SPM head is released in order to ensure
the vibrational damping by the springs.
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Figure 3.8: SPM head. Photo of the SPM head with dismantled liquid nitrogen
and helium cooling shield. An SPM tip is placed on the piezo crystal and the
sample is slid into the sample holder (photo without tip and sample). The SPM
head is mounted on three springs to the SPM chamber and equipped with an
eddy current brake to achieve a good vibrational isolation from the rest of the
SPM setup.

3.4.3 SPM tips

For the SPM measurements, STM tips or AFM tuning forks in design of the q+-
sensor [84] can be used. SPM tips are commonly fabricated by electrochemical
etching of tungsten wires but atomic resolution STM measurements can already
be obtained by a mechanical cut tungsten wire. The shape of an AFM tip apex is
more critical due to the presence of the long range forces. For the STM research
in this thesis commercially available electrochemical etched tungsten STM tips
from Omicron were used. Additionally, mechanical cut platiniridium wire and
commercially available mechanically polished, and electrochemically etched pla-
tiniridium tips from Unisoku were mounted to Omicron STM tip holders and used
for STM experiments in dependence of the tip shape. For the AFM measurements
in this thesis, the commercially available q+-sensor with electrochemical etched
tungsten tips from Omicron were used. A photo of the q+-sensor on an Omicron
SPM sample holder is shown in figure 3.9a. The bias voltage was applied to the
sample for the AFM measurements. For the STM measurements the bias voltage
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was applied either to the tip or the sample but all bias voltages are given with
respect to the sample Vs in this thesis.

Before an air exposed SPM tip was used for the measurements, the tip apex
was cleaned by voltage pulses up to ±10V and intentional dipping into the clean
metal surface by several nm. During and after this procedure the surface area
was changed to ensure a clean surface without contaminations coming from the
tip. Therefore, it can be expected that the tip apex is covered by atoms of the
used metal surface. Voltage pulses of up to around ±4V and dipping into the
surface by a few 100 pm, so-called tip-forming, was used during the measurements
to intentionally change and clean the tip apex.

3.4.4 AFM setup with the q+-sensor

For the AFM measurements in this thesis, a q+-sensor setup of the so-called
second generation was used [96]. In the first generation of the q+-sensor setup,
an influence of the current to the frequency shift signal, the so-called cross-talk,
was observed [97, 98]. The second generation setup of the q+-sensor is shown in
figure 3.9b. To reduce the cross-talk between the frequency shift and the current
channel the used second generation setup collects the tunneling current from the
sample side and has an optimized internal wiring [97,98]. But in contrast to the
third generation of the q+-sensor setup [96, 99], it does not have a separate tip
wire. The AFM data in this thesis are measured at 0V bias voltage which exclude
a cross-talk in principle due to the absence of a tunneling current. Additionally,
a possible influence of a small tunneling current which could result from the finite
resolution of the instrument which cannot provide a bias voltage of exactly 0V

is investigated and discussed in section 5.2.2.

Figure 3.9: AFM set up with the q+-sensor. a) Photo of the q+-sensor on an
Omicron SPM tip holder. b) Schematic of the q+-sensor electrodes and amplifier.
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3.4.5 Sample preparation

For the research in this thesis, commercially available single crystalline Cu sur-
faces in (111) and (110) orientation with an accuracy of 0.1◦ and a surface rough-
ness of 0.01µm from MaTeck [100] were used as samples. Before the Cu surface
was used for SPM measurements, it was cleaned in the preparation chamber. A
pressure of around 5×10−6mbar Argon gas was let into the preparation chamber.
The Argon atoms are ionized by the sputter gun and accelerated onto the surface
by application of a high voltage of 1.5 kV between the sputter gun and the sample.
Here, a current of around 6µA can be observed between the sputter gun and the
sample. The accelerated Argon ions hit the surface of the sample and remove the
first surface layers and contaminations. After the sputtering, the rough surface
structure is healed out by annealing the surface to around 400−500 ◦C for around
10min. The sputtering and annealing cycle is repeated several times depending
on the amount and nature of the contaminations, as remaining contaminations
can defuse from the surface into the first layers during the annealing. In the used
setup, the clean nature of the surface was checked by STM imaging.

The molecules were evaporated onto the clean metal surface from a small
heated glass crucible, a so-called Kundsen cell evaporator. Porphycene molecules
start to evaporate at temperatures around 180 ◦C. The deposition rate was esti-
mated by a quartz micro-balance which consists of an at around 6MHz oscillating
quartz that shifts its resonance when mass is attached. By taking into consid-
eration the quartz frequency shift and the sample evaporation time with respect
to previous sample preparations the molecular coverage of the surface can be es-
timated. The porphycene molecules were evaporated at room temperature and
directly transfered into the SPM head for measurements.
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Hot carrier-induced tautomerization

Abstract

In this study we investigate the hot carrier-induced tautomeriza-
tion of single porphycene molecules on a Cu(111) surface with low-
temperature STM. On the Cu(111) terraces, the porphycene molecules
adsorb in the trans tautomeric state and can be tautomerized to the
metastable cis state by vibrational excitation via an inelastic elec-
tron tunneling process during a voltage pulse and thermally switched
back to the trans state. The cis molecules could be excited thermally
and vibrationally to a reversible cis to cis tautomerization. Further-
more, voltage pulse induced nonlocal tautomerization of porphycene
molecules in distances of up to 100nm was found and identified as hot
carrier-induced by variation of the tip height and tunneling current in
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a decoupled fashion by the use of step edges and clusters. The nonlocal
tautomerization shows to be especially efficient for the excitation of hot
electrons traveling via the surface state. Distinct interactions between
the surface state and the adsorbed molecules lead to a molecular cov-
erage dependence of the tautomerization efficiency with surface state
mediated porphycene adsorption at low coverages and locally quenched
surface state at high porphycene coverage.

4.1 Introduction

4.1.1 Nonlocal reactions induced by STM

In addition to the excitation of individual molecules, also nonlocal reactions can
be induced by STM and were investigated on metal [30–33, 101, 102] and semi-
conductor [103, 104] surfaces. This nonlocal excitation could be of advantage in
possible future applications in nanoscale science, as this method allows to address
several molecules within a controllable area of up to 100nm [21, 30–33, 101–104]
at the same time. The nonlocal reaction can be triggered either by the electric
field [101,105–108] or the propagation of hot carriers [30–33]. Hereby, the propa-
gation of hot carriers is a particularly interesting nonlocal excitation mechanism
as it can be associated with photo induced reactions on surfaces [29]. Hence, the
detailed understanding of the mechanisms in hot carrier-induced processes and
their coupling to the local environment will also provide a further understanding
of photo induced chemistry on surfaces and key aspects, as the hot carrier trav-
eling distance, efficient hot carrier transport states or the influence of adsorbed
molecules, can be investigated by using the nonlocal excitation of molecules as
monitor for the hot carrier transport across the surface.

4.1.2 Hot carrier-induced reactions on metal surfaces

Hot carrier-induced nonlocal reactions have for example been investigated by
Maksymovych and co-workers who characterized the dissociation of adsorbed
molecules on various metal surfaces [31]. They dissociated for instance CH3SSCH3

on a Au(111) surface by an STM voltage pulse above 1.4 eV . This relatively high
excitation voltage suggests a reaction via an electronic rather than a vibrational
excitation. The dissociation efficiency was found to depend on the pulse param-
eters with an increasing efficiency for higher pulse voltages, a linear dependence
on the current, and an exponentially decaying efficiency as a function of radial
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distance from the pulse. The presence of a hot carrier mechanism and absence
of an electric field induced process was identified by the application of the ex-
citation pulse above nanosize conductive clusters on the surface. Even though
the tip is retracted above the cluster and thereby a smaller electric field acts
on the molecules, the process showed the same efficiency as for a pulse directly
above the surface. For future application in nanoelectronics or photo induced
processes, a detailed knowledge about the electronic states that contribute to the
hot carrier transport is of interest but these could not be rigorously assigned.
In principle the hot carriers can travel through a surface state along the surface
and excite a nonlocal reaction, but the molecular dissociation was also observed
in absence of a surface state, e.g. it was observed on the (5×20) reconstructed
Au(100) surface at a voltage of around 1.3V significantly below the first surface
state resonance at 4V . Maksymovych and co-workers expected a contribution of
pure bulk states to be unlikely as the hot carriers would leave the surface regime
quickly and suggested a possible contribution from bulk states at the edge of the
projection band gap, as these where found to show similar properties to surface
state resonances [109]. This rises the question of the role of the surface state in
efficient hot carrier transport.

4.1.3 Influence of the surface state on adsorbed molecules
and vice versa

Another interesting contribution to the hot carrier traveling efficiency is the
molecular coverage. A limiting influence on the hot carrier traveling efficiency was
reported for the number of adsorbed oxygen molecules on a Ag(110) surface [33].
Especially in combination with the transport of the hot carriers through the sur-
face state, the influence of the coverage gets important, as literature shows that
the surface state influences the adsorption of molecules and vice versa [110,111].

How the surface state influences the adsorption of atoms or molecules was
shown by J. Repp and co-workers for the case of Cu adatoms on a Cu(111) surface
[110]. A statistical analysis of the Cu adatom separation distances revealed that
the single adatoms adsorb with a preferred separation on the Cu(111) surface.
The separation distances of the atoms are of oscillatory nature and could be
identified to origin from the interaction potential of the surface state scattering
with a periodicity of half the Fermi wavelength of the surface state.

The influence of the adsorption of molecules on the surface state was re-
ported by Lindgren and co-workers for the case of CO molecules on a Cu(111)
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surface [111]. Their angle resolved photoelectron energy spectroscopy showed a
clear energy shift and a reduced peak intensity of the Cu(111) surface state with
increasing adsorption of CO molecules on the surface. They could rationalize the
reduction of the surface state intensity by a local extinction of the unperturbed
metal surface state in the surrounding of an adsorbed CO molecule. The ob-
served surface state intensity suggested a wiping out of the surface state on the
Cu atoms directly under and nearest neighboring to the CO molecule adsorbed
on top position.

Therefore, the hot carrier transport through the surface state and the adsorp-
tion of molecules could be sensitively influenced by each other and may open
the possibility to tune the hot carrier transport in dependence of the molecular
coverage. Here, the capability of the STM to investigate the surface properties
locally provides an ideal investigation tool.

4.1.4 Motivation for Cu(111) as metal substrate

The previous study of porphycene showed that on Cu(110) exclusively the cis tau-
tomeric state is present, as described in section 2.3, even though the trans state
is energetically favorable in gas phase [47,48]. This demonstrates the importance
of the surface in stabilizing the adsorption geometry and raises the questions
of the importance of the surface crystallographic orientation and a possible sta-
bilization of the trans state on another surface orientation like e.g. Cu(111).
For the investigation of a nonlocal tautomerization, the presence of two nonde-
generate tautomeric states as e.g. the trans and cis state would be ideal, as
they could provide distinguishable initial and final states for observing the non-
local tautomerization. The comparable energetics of the trans and cis state in
gas phase and the presence of the slightly disfavorable gas phase state on the
Cu(110) surface provide the possibility of stable trans and cis state existence on
another surface orientation. In this study we choose Cu(111) as metal substrate
which has a surface state at −0.4V [34], and therefore provides ideal conditions
to evaluate the role of the surface state for the hot carrier transport efficiency
and a possible coupling to adsorbed molecules and vice versa.
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4.2 Porphycene on a Cu(111) surface

Porphycene molecules adsorb on Cu(111) as isolated molecules at room tempera-
ture and no islands or clusters are observed, as shown in figure 4.1a, similar to the
adsorption of porphine molecules on a Ag(111) surface [112]. A typical STM im-
age of a single porphycene molecule adsorbed on the Cu(111) terrace is displayed
in Figure 4.1b. Two point symmetric protrusions can be observed. In compar-
ison to the structure of the porphycene this is consistent with the symmetry of
a flat adsorbed trans tautomer of porphycene, as shown in figure 4.1c, suggest-
ing a trans tautomeric state for porphycene on Cu(111). In total, six differently
orientated porphycene molecules can be identified which matches the threefold
Cu(111) surface geometry and the two possible hydrogen atom arrangements in
the trans state of a porphycene molecule. It should be noted that the porphycene
molecules at the step edge show a different appearance that corresponds to the
cis tautomer, as shown in figure 4.1d, which was also observed on the Cu(110)
surface [24, 25] (see section 2.3).

Figure 4.1: Porphycene on Cu(111). a) STM image of porphycene molecules
on Cu(111) after sample preparation (Vs = −50mV ; It = 50 pA color scale:
0 pm − 400 pm). b) STM image of single porphycene molecule on the Cu(111)
terrace. c) and d) chemical structure of porphycene in the trans and cis state,
respectively. All porphycene molecules on the Cu(111) terraces are in the trans
tautomeric state (Note that molecules next to defects represent an exceptional
case).
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4.3 Vibrationally induced tautomerization of
porphycene

The porphycene molecules show a stationary appearance and adsorption position
during STM imaging at low bias voltages. However, at application of higher bias
voltages the porphycene changes its configuration, as shown in figure 4.2. A bias
voltage pulse of −280mV was applied for 100ms at the upper left molecule in
figure 4.2a (indicated by the black star) which changed the appearance of the
molecule to an asymmetric single protrusion with one symmetry axis, see figure
4.2b. In comparison to the chemical structure of porphycene (see figure 4.1c,
d) and the appearance of porphycene on Cu(110) [24, 25], see section 2.3, the
molecule can be identified as cis tautomer of porphycene. Inducing another bias

Figure 4.2: Voltage pulse induced tautomerization of a single porphycene
molecule. a) STM image of porphycene molecules in the trans state. A bias
voltage pulse of −280mV was applied for 100ms above one of the protrusions of
the upper left trans molecule, as indicated by the star. b) The pulse changed the
molecule to an asymmetric appeared cis porphycene which follows the orientation
of the high symmetry axis of the Cu(111) surface indicated by white lines. c) A
further bias voltage pulse on the lower left molecule (see star in b) tautomerizes it
to a differently orientated cis state. d) Application of a bias voltage pulse on a cis
state molecule (lower left in molecule in c) induces a tautomerization to a mirror
symmetric cis state. The cis↔ cis tautomerization involves a slight movement of
∼ 0.14nm(≈ a0/2

√
2) along the surface high symmetry axis. Image parameters:

Vs = −100mV ; It = 100 pA; the color scale ranges from −15 to 82 pm.
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voltage pulse to the lower left molecule (see figure 4.2b) tautomerizes it to a differ-
ently orientated cis molecule. In total, six differently orientated cis porphycene
molecules can be found on the Cu(111) surface. Analog to the six trans states,
this matches the threefold Cu(111) surface geometry and the two possible hydro-
gen atom arrangements in the cis state of a porphycene molecule. Application of
a bias voltage pulse on this cis state porphycene lead to a mirror symmetric cis
tautomer, indicating a cis↔ cis tautomerization. The cis↔ cis tautomerization
showed a slight movement of the porphycene molecule of ∼ 0.14nm (≈ a0/2

√
2)

along the Cu(111) high symmetry axis, with a0 the Cu lattice constant [113].

Figure 4.3: Voltage and current dependence of the voltage pulse induced single
molecule tautomerization. a) Voltage dependence of the tautomerization yields
of the trans→ cis (red circles) and cis↔ cis (blue squares) tautomerization. The
tautomerization yield is symmetric for positive and negative bias voltages and has
a threshold voltage of around ±160mV for the trans→ cis and around ±150mV
for the cis↔ cis tautomerization. b) Current dependence of the trans→ cis (red
unfilled and orange filled circles) and cis↔ cis (blue squares) tautomerization
yields at a bias voltage of 250mV , −250mV , and −170mV , respectively.

In figure 4.3a the voltage dependence of the voltage pulse induced trans→ cis
and cis↔ cis tautomerization is shown. A symmetric behavior for positive and
negative voltages and a clear threshold voltage of around ±160mV and ±150mV

can be identified for the trans→ cis and cis↔ cis tautomerization yields, respec-
tively. The current dependence of the tautomerization yields (shown in figure
4.2b) is constant, indicating a one electron process. The voltage and current de-
pendences suggest the excitation of molecular vibrations via an inelastic electron
tunneling process, as observed for porphycene on Cu(110) [24,25]. An excitation
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from the HOMO to the LUMO seems unlikely due to the high energy gap of
around 2.2 eV for porphycene in the gas phase [114].

4.4 Thermally induced tautomerization of
porphycene

By thermal excitation all cis molecules can be switched back to the trans state
and also the cis↔ cis tautomerization can be induced reversibly. In figure 4.4a
the temperature dependence of the tautomerization rate is plotted and can be
analyzed by the Arrhenius equation R ∝ exp(−∆E/kBT ), with R the thermally
induced tautomerization rate, ∆E the energy barrier of the process, kB the Boltz-
mann constant, and T the temperature. Fitting the data by the Arrhenius equa-
tion determines ∆E = 42 (±3)meV and ∆E = 35 (±9)meV for the cis→ trans
and cis↔ cis energy barrier, respectively (see figure 4.4c). Due to the limited
measurable temperature range of the cis↔ cis tautomerization, this experimen-
tal error is larger. Note that we confirmed the tunneling current independence
of the thermal induced tautomerization rate and can therefore exclude influences
from the presence of the STM tip.

Figure 4.4b summarizes the vibrationally and thermally induced tautomeriza-
tion processes. The trans tautomeric state is thermodynamically stable while the
cis state is metastable. The trans→ cis and the backward cis→ trans tautomer-
ization can be selectively induced by vibrational and thermal excitation and the
cis↔ cis tautomerization shows a reversible tautomerization for both excitation
processes. The trans→ cis tautomerization was not observed during the thermal
excitation which can be rationalized by the limited time resolution of the STM
of around a few hundred microseconds. At elevated temperatures the metastable
cis state switches back to the trans state before the STM can capture the in-
termediate existence in the cis tautomeric state. Interestingly, the cis→ trans
tautomerization can not be induced by a voltage pulse and the reason for this
remains unclear. Even if the thermal tautomerization barrier of the cis↔ cis
tautomerization is smaller than the barrier for the trans→ cis tautomerization,
the absence of the voltage pulse induced cis→ trans tautomerization process is
not straightforward, as the threshold voltages for the inelastic tunneling processes
are with around 150mV and 160mV much higher than the thermal barrier of
around 42meV . However, vibrational excitation via an inelastic electron tun-
neling process differs from a thermal excitation process and it is not trivial to
compare them directly. The high tautomerization barrier for the vibrationally
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Figure 4.4: Thermally induced tautomerization of porphycene molecules. a) Ar-
rhenius plot of the cis→ trans (red circles) and cis↔ cis (blue squares) tautomer-
ization rates (Measurement condition for the rates: Vs < 50mV ; It < 50 pA). b)
The chemical structure of the porphycene can be selectively tautomerized from
trans→ cis by voltage pulse induced STM (e−) excitation and backward from
cis→ trans by thermal excitation (kBT ). The cis↔ cis tautomerization can be
induced reversibly by STM and thermal excitation. c) The Arrhenius fit (in a)
determines a tautomerization barrier of 42 (±3)meV and 35 (±9)meV for the
cis→ trans and the cis↔ cis tautomerization process, respectively.

induced tautomerization indicates that this tautomerization involves the excita-
tion of a higher frequency mode via anharmonic coupling, which can substantially
influence an induced reaction processes [115]. The different barrier heights for the
vibrationally and thermally induced tautomerization suggest that the reactions
take place via different excitation pathways within the multidimensional potential
landscape of the tautomerization. To clarify this behavior, a detailed determina-
tion of the induced vibrational modes and a calculation of the multidimensional
potential landscape including anharmonicity would be required.

4.5 Hot carrier-induced nonlocal tautomerization

In addition to the voltage pulse induced switching of single molecules located
directly under the tip, we also observed tautomerization of molecules not located
under the tip apex. In figure 4.5a an STM image directly after sample prepara-
tion is shown, all porphycene molecules are in the trans state. The same area
is scanned after the application of a bias voltage pulse of −1.5V for 50ms at
the center of the image (with gap conditions of Vs = −50mV and It = 100 pA),
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Figure 4.5: Nonlocal STM induced tautomerization. a) STM image of porphycene
molecules after the sample preparation. All molecules are in the trans state. The
white lines indicate the Cu(111) high symmetry axis. b) The same area after
application of a −1.5V voltage pulse for 50ms (gap conditions: Vs = −50mV ;
It = 100 pA) at the center of the image (indicated by the star in a). Some of
the porphycene molecules are converted to the cis tautomeric state (marked by
white circles). The dashed circles show the radial distance r to the pulse at the
center of the image. c) Tautomerization efficiency in radial distance dependence
Nc,∆r/Nt0,∆r of a pulse of 1.5V (red circles) and −1.5V (blue squares) for 50ms
at the center of the image (gap conditions: Vs = −50mV ; It = 100 pA and por-
phycene coverage of 0.15 (±0.005)nm−2). The tautomerization efficiency Nc/Nt0

represents the number of successfully tautomerized cis molecules Nc with respect
to the initially available trans porphycene molecules before the pulse Nt0 and is
plotted with respect to their distance to the pulse in circular rings with a radial
width ∆r of 5nm. The data is fitted with an exponential decay.

shown in figure 4.5b. Some of the molecules are not in the trans state anymore
and tautomerized to the cis state (indicated by the circles in figure 4.5b). This
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nonlocal tautomerization was observed for molecules up to 100nm away from
the tip position depending on the voltage pulse parameters. It should be noted
that also the cis↔ cis tautomerization can be induced nonlocally, but the fol-
lowing will concentrate on the nonlocal trans→ cis tautomerization. Figure 4.5c
shows the tautomerization efficiency in radial distance dependence Nc,∆r/Nt0,∆r

of a voltage pulse of −1.5V (1.5V ). The tautomerization efficiency Nc/Nt0 of
successfully tautomerized cis molecules Nc with respect to the initially available
trans molecules Nt0 before the pulse is determined in circular ring areas with a
radial width ∆r of 5nm and plotted in radial distance dependence r to the pulse.
In total 14 (4) experiments with around 10000 (3000) molecules were analyzed
for a voltage pulse of −1.5V (1.5V ), respectively. The tautomerization efficiency
shows a clear bias voltage dependence; a positive voltage pulse induces the tau-
tomerization process more efficiently than a negative voltage pulse. The radial
distance r behavior has an exponential decay e−r/λ, with a decay constant λ of
around 13.5nm (6.5nm) for a pulse of −1.5V (1.5V ), respectively (note that the
exponential of the 1.5V pulse data is fitted with an offset due to the saturation
behavior for r < 12.5nm).

4.5.1 Tautomerization next to step edges

The nonlocal tautomerization raises the question of the mechanism that in-
duces the tautomerization. Literature suggests the electric field of the STM
tip [101, 105–108] or tunneling current induced hot carriers [30–33] as possible
excitation mechanisms for the nonlocal reaction process. To distinguish between
an electric field and a hot carrier-induced process the nonlocal tautomerization
was excited next to step edges. As shown in figure 4.6, the tip was placed on
the lower terrace next to a step edge. In this configuration the distance depen-
dent electric field of the STM tip should be higher on the upper terrace than on
the lower one. In contrast to this, the exponential distant dependent tunneling
current is injected into the lower terrace and induces hot carriers there. The
propagation of the hot carriers might be disturbed by the step edge suggesting a
higher amount of hot carriers on the lower terrace. To eliminate geometric effects
of the tip, we repeated the experiment next to differently orientated steps and
changed the tip apex by dipping it slightly into the Cu surface. Figure 4.6 shows
the tautomerization efficiency Nc/Nt0 on the upper and lower terrace after the
voltage pulse for the repeated experiments. The lower terrace shows an around
25 % higher tautomerization efficiency than the upper terrace, suggesting a hot
carrier-induced process. Furthermore, the nonlocal tautomerization showed the
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same behavior even though very different STM tips prepared by mechanical cut,
mechanically polished and electrochemical etched platiniridium wire were used
(see section 3.4.3). These contradicts an electric field induced mechanism as the
electric field should depend on the tip shape [116].

Figure 4.6: Hot carrier-induced nonlocal tautomerization next to a step edge.
a) STM image after a bias voltage pulse of 1V for 1 s with It = 100 pA at the
lower terrace ∼ 1nm next to a step edge (indicated by the star). Tautomerized
molecules in the cis state are marked with white (lower terrace) and black (upper
terrace) circles (image parameters: Vs = −50mV ; It = 50 pA; size: (45nm)2;
color scale from −0.01nm to 0.37nm). b) Schematic sketch of the experiment:
The voltage pulse is induced next to a mono atomic step edge on the lower terrace.
The shorter tip-surface distance results in a higher electric field above the upper
terrace. The tunneling current induced hot carriers are injected to the lower
terrace and their propagation might be hindered by the step. c) Tautomerization
efficiency Nc/Nt0 at the lower (blue circles) and upper (green squares) terrace
after the voltage pulse at the lower terrace for different measurements (pulse
parameters as in a). The higher tautomerization efficiency at the lower terrace
suggests a hot carrier-induced tautomerization process.

4.5.2 Tautomerization induced through conductive clusters

Additional to nonlocal excitation next to step edges, pulse injection into conduc-
tive clusters can reveal a hot electron induced process as shown by Maksymovych
and co-workers (see section 4.1.2) [31]. An STM image of an exemplary conductive
cluster is shown in figure 4.7a and the experiment configurations are schemati-
cally sketched in figure 4.7b. Voltage pulses were injected into the surface with
the STM tip placed at three different configurations: over the clean Cu surface,
see figure 4.7b (i), over a conductive cluster of height dcluster, see figure 4.7b (ii),
and over the clean surface with the same tip-surface distance as over the cluster,
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see figure 4.7b (iii). When the tip is placed over a conductive cluster it retracts
from the clean surface by the height of the cluster (around 0.25−0.7nm) and the
increased tip-surface distance reduces the electric field on the surface, see figure
4.7b (ii), compared to an STM tip over the clean surface with the same tunneling
current (constant current mode), see figure 4.7b (i). The same electric field on
the surface as with the STM tip over the cluster can be expected with the same
tip-surface height which leads, in absence of the cluster, to a lower tunneling
current, see figure 4.7b (iii). Figure 4.7c shows the tautomerization efficiency in
radial dependence for the three experimental configurations. No difference can
be identified for measurements with the same tunneling current. Furthermore,
with the reduced tunneling current no tautomerization can be observed in ab-
sence of the cluster, even though the same electric field can be expected for the
same tip-sample distance with and without cluster. These results indicate a neg-
ligible influence of the electric field on the tautomerization and suggesting a hot
carrier-induced tautomerization process.

Figure 4.7: Tautomerization induced through conductive clusters. a) STM image
of porphycene molecules on Cu(111) with a conductive cluster. b) Configurations
of the experiment with the STM tip placed (i) over the clean Cu(111) surface,
(ii) over the conductive cluster with an increased tip-sample distance of dcluster
which corresponds to the height of the cluster, and (iii) over the clean Cu(111)
surface with the same tip-sample height as in (ii). c) Tautomerization efficiency
(Nc,∆r/Nt0,∆r) in radial dependence for the experiment configurations sketched
in b). A bias voltage pulse of 1.5V was injected for 50ms. The tip height in (i)
and (ii) was given by an STM set point of Vs = −50mV and It = 100 pA, for
(iii) the tip was retracted by dcluster from this STM set point.
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4.5.3 Tip-sample distance dependence of the
tautomerization

For a hot carrier-induced nonlocal process the tautomerization efficiency should
follow the exponential dependence of the tunneling current on the tip-sample
distance. The tip-surface distance dependence of an averaged tautomerization
efficiency over an area of 50 × 50nm2 in dependence of the tip-sample distance
is shown in figure 4.8. It can be fitted by an exponentially decreasing tautomer-
ization efficiency with a decay constant of 5nm−1 which is comparable to the
exponential decrease of the tunneling current with 10nm−1 [117]. Here, the
deviation of the decay constants may result from an underestimation of the tau-
tomerization efficiency at short tip-sample distances due to a saturation around
the pulse at the center of the image.

Figure 4.8: Tautomerization efficiency in tip-surface distance dependence. The
tautomerization efficiency (Nc/Nt0) is averaged over an area of (50nm)2 after a
voltage pulse of −1V (blue squares) and −4V (red circles) with 50ms duration.
The tip height is given with respect to a STM set point of Vs = 50mV and
It = 3nA as zero-point. The data is fitted by an exponential decay.

4.5.4 Efficient hot carrier transport through the surface
state

In previous studies the main transport channel for the hot carriers remained
weakly understood [31, 33] and a contribution of bulk states was discussed [31],
as they behave similar to surface states at the edge of the projection band [109].
To investigate efficient transport channels for the hot carriers, the tautomeriza-
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tion efficiency can be compared to the local density of states of the surface. In
figure 4.9 the bias voltage dependence of the tautomerization efficiency Nc/Nt0

and a dI/dV spectrum of the Cu surface is shown. The tautomerization efficiency
is averaged over an image area of (80nm)2 after a pulse at the center of the image
with the plotted bias voltage for 1 s at a constant current of 250 pA. For positive
bias voltage (corresponding to electron injection) a much higher tautomerization
efficiency is detected than for negative bias voltages (corresponding to hole injec-
tion). The dI/dV spectroscopy shows the Cu(111) surface state at −0.4V (see
also the inset of figure 4.9b) [34] and a drastic increase of the signal at negative
bias voltages of > 2.5V indicating the d bands of the Cu surface [118]. The
tautomerization efficiency does not show an increasing intensity at the presence
of the Cu d bands and shows up to −4V lower efficiency than for 1V , suggesting
that the Cu d bands do not contribute significantly to the hot carrier transport.
Therefore the Cu(111) surface state supports a very efficient transport of hot
electrons compared to the transport of hot holes.

Figure 4.9: Voltage dependence of the hot carrier-induced tautomerization. a)
Tautomerization efficiency Nc/Nt0 in dependence of the pulse bias voltage. The
tautomerization efficiency is averaged over an image area of (80nm)2 after a bias
voltage pulse for 1 s with the indicated voltage at a constant current of 250 pA.
b) dI/dV spectroscopy of Cu(111). The Cu(111) surface state is resolved as a
step like feature at −0.4V (this voltage area is magnified in the inset) and the
Cu(111) d bands show an increasing contrast at negative sample bias voltages.
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4.6 Coverage dependence of the nonlocal
tautomerization

The surface state can be affected by adsorbed molecules and vice versa. STM has
been used to investigate such phenomena locally [119,120]. Figure 4.10 shows the
coverage dependence of the nearest neighbor distance between the molecules. At
very low coverages of 0.03nm−2 (red histogram in figure 4.10a and STM image
figure 4.10b) the nearest neighbor distance shows a multiple peak structure with a
first peak at 2.5nm, a second peak at 3.8nm, a third peak at 5.0nm, and a fourth
peak at 6.3nm, indicating an oscillatory behavior with a period of 1.3(±0.1)nm.
This corresponds well to half of the Fermi wavelength of the Cu(111) surface state,
suggesting a surface state mediated long-range ordering [110,121–123] as reported

Figure 4.10: Coverage dependence of the nearest neighbor distance. a) His-
togram of the nearest neighbor distances dNN at a molecular coverage of
0.03(±0.005)nm−2 (red), 0.06(±0.005)nm−2 (black), 0.15(±0.005)nm−2 (blue),
and 0.33(±0.005)nm−2 (green). b)-e) STM images at the different coverages
(image size: (20nm)2). f) and g) STM images at a coverage of 0.03nm−2 and
0.33nm−2, respectively (image size: (10nm)2). h) Coverage dependence of the
first peak of the nearest neighbor distribution.
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for Cu atoms on a Cu(111) surface [110]. At low molecular coverage of 0.06nm−2

(black in figure 4.10a and figure 4.10c) the nearest neighbor distance also shows
a multiple peak structure with a first peak at 2.5nm, indicating the presence of
long-range ordering. Note that the smaller oscillation period results from the fact
that the nearest neighbor distance histogram is a first order approximation of the
general molecular distance histogram, which only allows reasonable interpretation
of the second and further peak positions in a very low coverage limit. At higher
coverages of 0.15nm−2 (blue in figure 4.10a and figure 4.10d) and very high
coverages of 0.33nm−2 (green in figure 4.10a and figure 4.10e) a single peak
at 2.1nm and 1.4nm can be observed. At these high coverages the substrate
mediated optimal distance can not be fulfilled anymore due to too many adsorbed
molecules on the surface. The molecules order with equal distance separation
and lead to a single peak in the nearest neighbor histogram with decreasing
distance for higher coverages. In summary, different molecular ordering can be
identified at low and high molecular coverages with a threshold coverage of around
0.1nm−2, whereby at low coverages the Cu surface state mediates the adsorption
positions of the porphycene molecules. Indications of the surface state mediated
ordering can also be seen on the STM images at low coverages: The surface state
scatters at the molecules and the resulting interference pattern can be imaged.
At high coverages this behavior cannot be observed anymore due to the high
molecular density. This raises the question whether the surface state is affected by
a high molecular coverage. Here, the STM setup provides the possibility to locally
investigate the Cu surface state with dI/dV spectroscopy. The blue spectrum in
figure 4.11c shows the dI/dV of the Cu surface in surrounding of a high coverage
of molecules, as indicated in the STM image in figure 4.11a. No Cu surface state
can be detected. The same Cu spectrum is taken again after manipulating the
directly neighboring porphycene molecules away (see figure 4.11b) and the Cu
surface state can be observed (see red dI/dV spectrum in figure 4.11c). This
indicates that the high molecular coverage quenches the surface state locally.

The previously discussed results show an especially efficient propagation of
the hot carriers through the surface state raising the issue of a possible influence
of the molecular coverage on the nonlocal hot carrier-induced tautomerization.
To separate the observations of the single molecule tautomerization and the hot
carrier-induced nonlocal tautomerization, first the single molecule tautomeriza-
tion is investigated in coverage dependence, this is shown in the inset of figure
4.12. The tautomerization yield is constant for low and high molecular cover-
ages, indicating a coverage independent tautomerization efficiency at the single
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Figure 4.11: Local surface state quenching at high molecular coverage. a) STM
image of porphycene molecules with a molecular coverage of around 0.30nm−2.
(Vs = 50mV ; It = 50 pA; image size: (10nm)2). b) STM image of the same
area after manipulating the molecules away from the center of the image. c)
dI/dV spectroscopy measured over the bare Cu surface next to high molecular
coverage (blue) and at the same position after manipulating the neighboring
molecules away (red), the measurement position is indicated by stars in a) and
b), respectively. The Cu surface state is quenched at high molecular coverage
and recovers after creation of a locally low molecular coverage.

molecular level. Figure 4.12 shows the nonlocal hot carrier-induced tautomer-
ization efficiency Nc/Nt0 at a pulse voltage of 300mV in time-evolution at four
different molecular coverages of 0.03nm−2, 0.06nm−2, 0.15nm−2, and 0.33nm−2.
The coverages of 0.03nm−2 and 0.15nm−2 are measured with different tip con-
ditions (the tip was changed by dipping it slightly into the surface) as indicated
by the open and filled markers in figure 4.12. For the different tip conditions no
differences in the time evolution tautomerization efficiency can be determined,
suggesting a negligible influence of the tip conditions.
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Figure 4.12: Coverage dependence of the hot carrier-induced tautomerization.
Voltage pulse time-evolution of the hot carrier-induced tautomerization efficiency
at a coverage of 0.03(±0.005)nm−2 (red squares), 0.06(±0.005)nm−2 (black
up pointing triangles), 0.15(±0.005)nm−2 (blue circles), and 0.33(±0.005)nm−2

(green down pointing triangles). The tautomerization efficiency Nc/Nt0 is aver-
aged over an image area of (70nm)2 and a voltage pulse of 300mV was applied
at the center of the image with gap conditions of Vs = −50mV and It = 10 pA
(tunneling current during the pulse 70(±25) pA). The open and filled red squares
(blue circles) represent the measurement with two different tips, the solid (broken)
line show the data fit by equation 4.2. The inset shows the coverage independent
trans→ cis tautomerization yield of a single molecule.

Coverage independent, the tautomerization efficiency shows a saturation be-
havior for long pulse durations, reflecting the limited local influence of the exci-
tation pulses. The data can be described by using the rate equation [31]

dNc,r

dt
= k(Nt0,r −Nc,r)I

n
r (4.1)

where Nc,r (Nt0,r) is the (initial) number of cis (trans) molecules at a radial
distance r, Ir the current at a distance r, and n the reaction order of the process.
In terms of the tautomerization efficiency Nc/Nt0 it can be expressed as

Nc

Nt0

= N(∞)(1− e−kIneff t) (4.2)
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where Nc (Nt0) is the (initial) number of cis (trans) molecules in the measured
area, N(∞) the tautomerization efficiency at a pulse time t = ∞, and Ieff =

It
∑

r e
− r
λ the total number of effective hot carriers that induce the nonlocal

tautomerization. For the fit of the tautomerization efficiency in figure 4.12 a
reaction order of n = 1 is assumed, as an one-electron process can be expected
at an excitation voltage of 300mV (see fig. 4.3). The fit of the tautomerization
efficiency in time-evolution is shown by the solid (and dashed, representing a
second tip condition) lines in red and blue in figure 4.12 and determined a total
number of effective hot carriers kIeff ∼ 8.8(±2)×10−5 s−1 and kIeff ∼ 4.5(±1)×
10−5 s−1 for the coverage of 0.03nm−2 and 0.15nm−2, respectively.

The two low coverages of 0.03nm−2 and 0.06nm−2 show a more efficient
tautomerization than the two high coverages of 0.15nm−2 and 0.33nm−2. Inter-
estingly, there is no clear difference in the tautomerization efficiency between the
two low or the two high coverages, respectively, indicating a negligible influence
of hot carrier scattering at the molecules where a monotonic coverage dependence
would be expected. There seems to be a critical change of the tautomerization
efficiency between the coverages of 0.06nm−2 and 0.15nm−2, which reflects the
characteristics of the coverage dependent interactions between the molecules and
the Cu surface state. At low coverage the nonlocal tautomerization efficiency is
higher, the molecules order to substrate mediated ideal positions, and the STM
images show surface state scattering. In this case, the hot carriers can travel
efficiently through the Cu surface state. At high coverage the tautomerization
efficiency is reduced, the surface state mediated ordering is not present, and
the STM images do not show surface state scattering patterns. Here, the local
quenching of the surface state due to the high molecular coverage results in a less
efficient hot carrier transport.
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4.7 Summary

We investigated the vibrationally, thermally and hot carrier-induced tautomeriza-
tion of porphycene molecules on a Cu(111) surface by LT-STM. After preparation,
the porphycene molecules on the Cu(111) terraces are exclusively found in the
trans tautomeric state. By the excitation of molecular vibrations via an inelastic
electron tunneling process during a voltage pulse of the STM, single porphycene
molecules could be switched from the trans to the cis tautomeric state and re-
versible between the two cis tautomeric states, involving a slight movement along
the surface high symmetry axis. Temperature dependent measurements identi-
fied the cis tautomeric state as metastable, as all molecules could be thermally
switched back to the trans state and determined the tautomerization barrier for
the cis→ trans tautomerization to be around 42meV and the cis↔ cis barrier
around 35meV . Additionally, the tautomerization could be induced nonlocally
in an area of up to 100nm by excitation of hot carriers. In this process, the Cu
surface state was found to be a very efficient hot carrier traveling channel with
a higher tautomerization efficiency for hot electrons than hot holes. The sur-
face state was identified to influence the adsorption of the porphycene molecules
and vice versa, resulting in a distinct change of the nonlocal tautomerization effi-
ciency in dependence of the molecular coverage. At low coverages the porphycene
molecules show a surface state mediated ordering and an efficient nonlocal tau-
tomerization. In contrast to this, high porphycene coverages were identified to
locally quench the surface state, leading to a less efficient hot carrier propaga-
tion and nonlocal tautomerization, which demonstrates the interplay between the
molecule-surface interaction and the reaction efficiency. These results show the
controlled operation of a single molecular switch on a metal surface in a local and
nonlocal fashion and give microscopic insight into the mechanisms.
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Chapter 5

Force-induced tautomerization in a
single molecule

Abstract

Chemical reactions are commonly activated by thermal, electric,
and light energy. A force-induced mechanical activation would provide
an additional way which is not understood on the atomic level. In this
study we present a combination of low-temperature non-contact atomic
force microscopy (AFM) and density functional theory (DFT) calcu-
lations which reveal the force-induced tautomerization of porphycene
on Cu(110). The reversible bond rearrangement can be induced just
by the interaction force between a Cu terminated AFM tip and the

63



Chapter 5. Force-induced tautomerization

molecule and can be controlled and quantified with a precision on the
atomic scale. The DFT calculations showed the evolution of the reac-
tion barrier in presence of the approaching tip and revealed the reaction
mechanism on the atomic (submolecular) scale. The tautomerization
was found to be absent in the case of a chemical inert Xe terminated
tip, which showed much weaker interaction forces and strong relax-
ation of the tip apex, demonstrating the importance of the chemical
and mechanical properties of the tip to induce a bond rearrangement
catalytically with an AFM tip.

5.1 Introduction

5.1.1 Mechanochemistry

Chemical reactions are commonly activated by heat, light or electric energy.
Mechanical force is another way to stimulate reactions, which defines the area
of mechanochemistry [124] but is generally far less investigated compared to
thermo-, electro-, and photochemistry. The presence and importance of mechano-
chemical reactions in nature can be captured very intuitively by the sense of
touch, hearing or balance [125] and also their relevance in application and tech-
nology is obvious, as a key aspect for the lifetime of many products of daily
life is determined by their mechanical stability. Recent research revealed that
mechanochemical reactions can bias chemical reaction pathways, which cannot
be achieved by other energy sources like heat or light [126], have a large potential
application field in technology as for damage sensing or full regenerative self-
healing [127,128], and also play a key role for biochemical reactions, as they can
activate biochemical reactions like protein binding [129]. In a mechanochemical
process the selective bond breaking and formation is activated by a directional
mechanical force. In mechanochemistry a mechanical force is defined as macro-
scopic (classical) force acting directional on the system, but the bond breaking
and formation at the molecular level should be described in a quantum mechan-
ical manner. Therefore, force-induced processes on the molecular scale can not
be rationalized by a classical picture and should be understood as a process of
chemical interactions.

Mechanochemical processes could exhibit a different selectivity from heat-
and/or light-induced ones. For instance, Hickenboth and co-workers [126] found
that the mechanochemical activation can bias reaction pathways, leading to spe-
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cific products. The trans and cis isomers of a benzocyclobutene molecule placed
within long polymer strands can be excited to a ring opening reaction. The
excitation with light and thermal energy activates processes which preserve the
molecular symmetry and lead to two final states. Mechanical activation via ultra-
sound biases the reaction pathways and leads to only one final isomer by inducing
two different processes depending on the isomer state.

A technological application of mechanochemical reactions has been demon-
strated for mechanosensitive polymers. Davis and co-workers showed polymers
functionalized with mechanically sensitive groups, so-called mechanophores, can
change the color by application of a directional force, which for example allows
visualizing a location of mechanical stress in the polymer and could be used as
damage sensor. Furthermore, Mechanophores in polymers could induce a vari-
ety of other responses to mechanical activation, as for example reorganizing the
polymer and thereby strengthening it or the recently achieved highly effective
self-healing after structural damage [128].

The importance of mechanical activation in biochemistry can be seen in the
results by Rio and co-workers [129]. They showed that the mechanical stretching
of a single protein molecule activates the binding of another protein. Using a
magnetic tweezer and AFM, they investigated that the stretching of the talin
protein, which links transmembrane receptors to the cytoskeleton, activates the
binding of (additional) vinculin proteins. In this way a mechanical stimulus can
activate a chemical response of a biological cell by reorganizing its cytoskeleton.
The secondary structure of proteins, as for example the α-helices in this case,
is determined by a pattern of hydrogen bonds and the mechanical stretching of
proteins proceeds via bond breaking and formation within this pattern. There-
fore, this work also demonstrates the important role of hydrogen bonds in the
mechanical activation in biochemistry.

Chemical reactions depend critically on the local environment up to the atomic
scale. However, the majority of previous studies addressing mechanochemical
reactions are employed spatially using averaging techniques, which cannot deter-
mine the influence of the local surrounding. The rare investigations at the single
molecule level give first insights into the reactions of a single molecule under me-
chanical activation. But the studied biomolecules have complex structures out of
many building blocks, which limits the information gain regarding the effects of
the surroundings on the atomic scale. Here, NC-AFM has proven to be a power-
ful investigation tool and will be used in this study to investigate a mechanically
induced reaction at the atomic scale.
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5.1.2 Atomic scale force detection with AFM

Ever since its invention, AFM has been used to investigate forces locally, as
for instance in the interaction force detection between single strands of DNA in
1994 [130]. In the beginning, dynamic AFM at RT showed the capability to
detect forces on the atomic scale [56, 131, 132]. Recently, low-temperature NC-
AFM was used for detecting forces at the atomic scale, for example the force
needed to move a single atom [133–135] or molecule [133,136] on metal [133,136]
or semiconductor surfaces [134,135] or to peel of a molecular chain from a metal
surface [137,138] have been measured.

The force needed to manipulate a single atom on a metal surface was inves-
tigated by Ternes and co-workers by NC-AFM with a tuning fork sensor in q+
design [133]. With repeated constant height line scans and decreasing tip-sample
distance, the tip measured the frequency shift due to the tip-sample interac-
tions above the atom along the substrate direction of easiest manipulation. The
(vertical) force and the interaction potential was determined by the Sader Jarvis
method (by integrating along the tip height). Additionally, the lateral forces were
calculated by differentiation of the interaction potential along the line scan direc-
tion. They quantified the force to move a single Co atom on a Pt(111) surface
and the threshold force is estimated to be 210 ± 30 pN in the lateral direction
and is independent of the vertical force component. The experiment showed a
high reproducibility and no atom moving for a 5 pm larger tip-sample distance
and around ±5% deviation in the threshold lateral force for different tips. The
influence of the surface was demonstrated by moving Co atoms on a Cu(111)
surface, which revealed a threshold lateral force of 17 ± 3 pN and proved a high
surface sensitivity.

Moreover, Ternes and co-workes measured the force to move a CO molecule
[133] and found a lateral force of 160 ± 30 pN needs to be applied to move a
CO molecule on a Cu(111) surface, which is an order of magnitude larger than
for moving a Co atom on the same surface. The force required to move a larger
molecule was investigated by Langewish and co-workers for a PTCDA molecule
(3,4,9,10-perylene-tetracarboxylicacid-dianhydride) on Ag(111) [136]. They de-
termined a lateral threshold force of around 200 pN to induce the manipulation
to the next Ag lattice side in direction of the easiest manipulation. Even though
a continuous force detection could be observed with a specific tip, all other tips
which moved the molecule successfully showed discontinuities, which prevented
the force analysis and indicates the importance of a stable relaxation free tip (and
molecule) for detailed force detection measurements. Next to a sufficiently sta-
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ble tip, a clearly defined molecular adsorption position and easiest manipulation
direction must be present. Otherwise, the various molecular degrees of freedom
of translation and rotation prevent the reproducibility of the force manipulation.
This situation was reported by Mao and co-workers for the force manipulation
of single phtalocyanine molecules on Pt(111), which do not adsorb in a specific
adsorption position [139]. This leads to various manipulation pathways of trans-
lation and rotation with threshold forces between 5 pN and 17 pN and prevents
reproducible manipulation force detection.

5.1.3 Model system for force-induced tautomerization

The research described above demonstrates the capability of NC-AFM to mea-
sure forces acting on the atomic scale, which are in the order of several pN . Even
though the forces for moving, rotating or detaching molecules have been quan-
tified for selected systems, there is a lack of studies of force-induced reversible
bond rearrangement within a single molecule. The cis to cis tautomerization of
porphycene on Cu(110) provides an intriguing model for experimental and theo-
retical force determination. The STM studies of porphycene on Cu(110) [24,25],
see section 2.3, revealed a stable adsorption in the cis tautomeric state. The vi-
brational and thermal induced tautomerization to the mirror symmetric cis state
should be energetically degenerate [24], whereby the potential landscape could be
significantly influenced by the local environment like the tip proximity and neigh-
boring adatoms/molecules [25]. These results imply the possibility to distort the
potential landscape drastically and to control the tautomerization by an AFM
tip. Here, the reversibility of the tautomerization and the very small translation
during the tautomerization builds a good basis for very defined and reproducible
force measurements and simplify theoretical modeling, whereby the known DFT
optimized structure of porphycene on the Cu(110) surface [25] provides a good
basis for further calculations.
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5.2 Force-induced cis to cis tautomerization

Porphycene adsorbs on a Cu(110) surface exclusively in the cis tautomeric state,
as shown in the STM image in figure 5.1a (see section 2.3 for a summary of the
previous STM and DFT study of the system). It was found that a reversible
cis to cis tautomerization of a single porphycene molecule (see figures 5.1a-c)
can be induced by approaching the tip towards the molecule even at 5K and in
absence of applied bias voltage, where no sufficient thermal or vibrational energy
is present to induce the tautomerization.

Figure 5.1: Porphycene molecule on Cu(110) and schematic of the force-induced
tautomerization. a) STM image of a porphycene molecule on the Cu(110) sur-
face in the cis tautomeric state. The with star indicates the tip position of the
∆f(∆z) spectra in figure 5.2. b) STM image of the molecule after the cis to
cis tautomerization. Image parameters: Vs = −100mV , It = 10nA; image size:
1.49×1.42nm2. c) Molecular structure of the porphycene in the two mirror sym-
metric cis states in a) and b), respectively. The curved arrows show the intra
molecular H atom transfer of the tautomerization. d) Schematic of the force mea-
surement (∆f(∆z) spectra). The AFM tip oscillates at the resonance frequency
f0 with an amplitude a. The tip is approached to (red arrow) and retracted from
(blue arrow) the molecule and the interaction forces (yellow column) between tip
and molecule are detected by the frequency shift ∆f in dependence of the tip
height ∆z.

To investigate the nature of this intra molecular H atom transfer, we mea-
sured frequency shift spectra in dependence of the tip height (∆f(∆z)) above
the porphycene molecule with applying zero voltage during the measurement. A
schematic sketch of the experiment is shown in figure 5.1d. The oscillating AFM
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tip is approached and retracted over the porphycene molecule and the frequency
shift probes the interaction forces between the tip and the molecule on the sur-
face. It can be expected that the tip apex is covered by copper, because the
tip was dipped into the Cu surface several times before the measurements (see
section 3.4.3).

Figure 5.2: ∆f(∆z) tautomerization spectra of porphycene on Cu(110). a) Fre-
quency shift ∆f approach (dark green) and retraction (light green) spectra in
dependence of the tip height ∆z. To exclude the tip-surface background forces,
the spectra are background subtracted by a Cu(110) spectrum at the same start-
ing tip-sample distance (∆z ∼ 4.5 Å) of an STM set point of Vbias = 100mV and
It = 10 pA over the Cu surface (see sketch). The porphycene spectra (green) be-
fore subtraction and the Cu(110) spectrum (black) are shown in the inset (same
axis units). The tip height ∆z is given with respect to ze of the Morse poten-
tial model fit of the approach curve in figure 5.3a. Measurement parameters:
a = 100 pm, f0 = 22653Hz, Q = 18274 (tip 1).

An approach and retraction frequency shift spectrum (∆f(∆z)) of the tau-
tomerization is shown in figure 5.2. To separate the molecule tip interaction from
the background surface tip interactions, the porphycene spectra are background
subtracted by a ∆f(∆z) spectra over the bare Cu surface at the same tip-sample
distance (see the inset and schematic sketch of figure 5.2) [140, 141]. For this,
the starting tip-sample distance (at around ∆z = 4.5 Å) was set in reference to
an STM set point of Vbias = 100mV and It = 10 pA over the bare Cu(110) sur-
face. The STM set point was adjusted by the STM feedback over the Cu surface
and the tip was then moved in constant height with disabled feedback over the
molecule to measure the porphycene spectra. Note that ∆z = 0 is defined with
respect to a Morse potential model fit shown in figure 5.3a, which will be dis-
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cussed later on in this section. The frequency shift spectra shown in figure 5.2
were measured at the central area of the porphycene molecule with the tip above
the part of the inner cavity where the H atoms are located. The tip position
is shown by a star on the STM image in figure 5.1a. The backward subtracted
approach frequency shift spectrum is shown in dark green in figure 5.2. Starting
at the tip height of the reference set point, it exhibits more attractive interac-
tions for closer tip-sample distances until it passes a minimum, as expected for
a force measurement in distance dependence. At close tip-sample distance, the
frequency shift spectrum shows a sudden jump to more attractive interactions.
After the sudden jump, the frequency shift spectrum proceeds continuously and
the retraction spectrum (plotted in light green) follows a different trajectory with
stronger interactions at close tip-sample distances. STM imaging before and after
the ∆f(∆z) spectra show that this jump corresponds to a cis to cis tautomer-
ization of the porphycene molecule. Analog to the temperature and voltage pulse
induced cis to cis tautomerization [24], it was found to be reversible.

In figure 5.3 the force F (∆z) and the energy U(∆z) spectra calculated by
the Sader and Jarvis method [86] are shown, and additionally, the tautomer-
ization spectra of two further tips are plotted. The different tips were ob-
tained by modification of the tip apex by applying voltage pulses and (/or)
dipping the tip apex intentionally into the bare Cu surface, so-called tip form-
ing. The force F (∆z) spectra in figure 5.3a are fitted by the Morse potential
model U(z) = −Ed [ 2 exp−κ(z−ze) − exp−2κ(z−ze) ] with Ed the bond energy, κ the
decay constant, and ze the equilibrium distance. The fit reproduces the exper-
imental data very well. The force spectroscopy with different tips reveals that
the tautomerization shows common characteristics independently of the specific
tip properties. The F (∆z) jumps towards more attractive forces at the tau-
tomerization and passes during the approach over the force minimum before the
tautomerization (for the majority of tips). A main difference between tips is the
total interaction strength between the tip and the sample, which leads to different
interaction energies depending on the tip. We have investigated 21 different tips
and found that the tautomerization threshold Uth varies between 230meV and
630meV , as shown in the histogram in figure 5.3b.
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Figure 5.3: F (∆z) and U(∆z) tautomerization spectra of porphycene on Cu(110).
a) Force F (∆z) spectra of the ∆f(∆z) spectra shown in figure 5.2 and two further
tips calculated by the Sader Jarvis method [86]. The data is fitted by the Morse
potential model U(z) = −Ed [ 2 exp−κ(z−ze) − exp−2κ(z−ze) ] with Ed the bond
energy, κ the decay constant, and ze the equilibrium distance. The tip height ∆z
is given with respect to ze of the approach curves. b) Energy U(∆z) spectra of
the tautomerization. The inset shows a histogram of the threshold energies Uth.
Measurement parameters: tip 1: a = 100 pm, f0 = 22653Hz, Q = 18274; tip
2: a = 100 pm, f0 = 22645Hz, Q = 33855; tip 3: a = 100 pm, f0 = 22646Hz,
Q = 39143.

5.2.1 Reproducibility of the tautomerization spectra

The tautomerization spectra are highly reproducible for the same tip conditions.
Figure 5.4 shows six tautomerization spectra successively measured under the
same tip condition over the same molecule. The tip position is indicated on

71



Chapter 5. Force-induced tautomerization

the STM image in the inset of figure 5.4 by a white star and corresponds to
the position of the force spectra in figure 5.2. To ensure a stable spectroscopy
position for multiple measurements, a grid over the STM was used (see blue grid
in the inset of figure 5.4). In the six spectra, the tautomerization is induced in
a frequency shift area of 3.6Hz within a tip-sample distance area of 0.08 Å with
respect to the STM set point of Vbias = 100mV and It = 10 pA above the bare
Cu(110) surface. Note that due to the different tip condition for the spectra in
figure 5.2, the observed frequency shift at the tautomerization differs.

Figure 5.4: Reproducibility of the tautomerization with the same tip. Six suc-
cessively measured frequency shift ∆f spectra of the tautomerization. The tau-
tomerization is induced in a tip height ∆z area of 0.08 Å and ∆f area of 3.6Hz.
The inset shows an STM image with the position of the spectra. The blue grid
was used to ensure a stable spectroscopy position and the white grid indicates
the position of the Cu surface atoms. The tip height ∆z is given with respect to
the STM set point of Vbias = 100mV and It = 10 pA over Cu(110). Measurement
parameters: a = 100 pm, f0 = 23213Hz, Q = 51714 (tip 4).

5.2.2 Influence of small bias voltage and tunneling current
on the tautomerization

The force-induced tautomerization is investigated at zero bias voltage to prevent
the possibility of an inelastic tunneling current induced tautomerization. But
in an experimental set up, the bias voltage cannot be exactly zero due to the
finite resolution of the instrument. In our system we use the digital-to-analog
converter (DACs) of the Nanonis electronics, which has a 16-bit resolution. This
leads to a minimal output resolution of around 30µV at an output range of ±1V .
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Figure 5.5: Influence of small bias voltage and current on ∆f spectra and the
tautomerization. a) Eight frequency shift ∆f spectra with small applied bias
voltages and their b) corresponding current It channels. The inset shows a zoom
into the current channel at a bias voltage Vbias = 0µV (same axis units). c)
Three ∆f spectra with small applied bias voltages and their d) corresponding
current channel. The tip height ∆z is given with respect to the STM set point
of Vbias = 100mV and It = 10 pA over Cu(110). Measurement parameters: a,b)
a = 100 pm, f0 = 23234Hz, Q = 20315; c,d) a = 100 pm, f0 = 23213Hz,
Q = 51714 (tip 4).

Therefore, even with a bias voltage experimentally set to zero a small flow of
tunneling current cannot be excluded, as shown by the random fluctuations in the
current signal in the inset of figure 5.5b. In figure 5.5a ∆f spectra of Cu(110) with
different applied bias voltages in the region of−180µV to 330µV are shown. Even
though the corresponding current channels (see figure 5.5b) exhibit tunneling
currents of up to nA the ∆f signal does not show any influence on this, we
can therefore exclude a crosstalk in this bias voltage regime. Additionally, we
investigated the force-induced tautomerization process with small bias voltages
of 30µV , 60µV , and 90µV (see figure 5.5c,d) and no influence could be detected.
Therefore, a small flow of tunneling current is negligible for the ∆f spectroscopy
and the tautomerization.
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5.2.3 Effect of long-range electrostatic force on the
tautomerization

The contact potential difference (CPD) of a tip causes an electrostatic force gradi-
ent in the tip-sample junction; these long-range electrostatic forces could influence
the tautomerization. Accordingly, we investigated the tautomerization with tips
with substantially different CPD values, as shown in figure 5.6a and 5.6b. The
tips were changed by application of bias voltage pulses with up to ±10V and by
dipping the tip into the Cu(110) surface. The CPD value was determined by a

Figure 5.6: Effect of long-range electrostatic forces on the tautomerization. a)
Frequency shift ∆f spectra of porphycene measured with two different tips (no
backward subtraction) and the corresponding Cu(110) spectra. b) Contact po-
tential difference (CPD) spectra of the two tips in a). c) Force F spectra of the
tautomerization (backward subtraction) of four different tips and their CPD val-
ues. d) Threshold energy Uth in dependence of the CPD value. The tip height
∆z is given with respect to the STM set point of Vbias = 100mV and It = 10 pA
over Cu(110). Measurement parameters: tip 4: a = 100 pm, f0 = 23213Hz,
Q = 51714; tip 5: a = 100 pm, f0 = 23234Hz, Q = 20315; tip 6: a = 100 pm,
f0 = 23215Hz, Q = 49610; tip 7: a = 100 pm, f0 = 23224Hz, Q = 34051.
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bias voltage dependent measurement of ∆f at a STM set point of Vbias = 100mV

and It = 10 pA over Cu(110), as shown in figure 5.6b. The tautomerization spec-
tra of two tips with a CPD of −0.04V (blue) and −0.33V (red and orange)
are shown in figure 5.6a. The tautomerization could be induced with both tips.
Figure 5.6c shows the backward subtracted forces of these two and two addi-
tional tips with CPD values of −0.14V and 0V ; no substantial differences can
be observed in the main features of the force spectra. As discussed previously,
the different tips show different interaction strength, but the threshold energies
for inducing the tautomerization (and the threshold forces of ∆f and F ) do not
exhibit any dependence on the CPD value, as shown in figure 5.6d.

5.3 Force map of porphycene

Tip-molecule interactions depend strongly on the lateral position over a molecule
[142] and ∆f(∆z) spectra over different positions of the porphycene molecule
showed that the tautomerization could not be induced everywhere over the mole-
cule. To characterize the tip-molecule interactions and the tautomerization over
the whole porphycene, we measured a three-dimensional force map out of in-
dividual ∆f(∆z) spectra over the porphycene, shown in figure 5.7. Analog to
the procedure for the ∆f(∆z) spectra in figure 5.2, the tip height was adjusted
by an STM set point of Vbias = 100mV and It = 10 pA over the bare Cu(110)
surface and the ∆f(∆z) spectra were background subtracted before the F (∆z)

spectra were calculated by the Sader Jarvis method [86]. STM images between
the ∆f(∆z) spectra were used to identify the tautomerization. Cu(110)-∆f(∆z)

spectra before, during, and after the porphycene-∆f(∆z) spectra for the force
map verified the stable tip conditions. To exclude influences of an unsymmetrical
tip on the map data, the porphycene molecule was switched back to the original
orientation after a successful tautomerization before the ∆f(∆z) spectra were
continued. The procedure of the measurement and analysis to adjust the posi-
tion of the individual ∆f(∆z) spectra and the whole force map to the porphycene
molecule is described in the next subsection 5.3.1.

The three-dimensional force map (see figure 5.7) shows a very high spatial
resolution, demonstrating the appropriateness of the AFM to study forces with
an atomic spatial resolution. In particular, the force line spectrum in figure 5.7c
along the symmetry axis of the porphycene molecule has a lateral spatial resolu-
tion of sub-Ångström, which exceeds the resolution obtained with STM imaging
(see figure 5.1a) for this system. On the three-dimensional porphycene force map,
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Figure 5.7: Force map of the porphycene. a-c) Force line spectra over the por-
phycene corresponding to the positions indicated in d). The line spectra were
analyzed out of individual backward subtracted ∆f(∆z) approach spectra by the
Sader Jarvis method [86]. The black markers in b) and c) indicate the region af-
ter tautomerization of the porphycene molecule. The tip height ∆z is given with
respect to the STM set point of Vbias = 100mV and It = 10 pA over Cu(110). d)
DFT calculated structure model and positions of the force line spectra in a-c).
Measurement parameters: a = 100 pm, f0 = 22653Hz, Q = 18274 (tip 1).

76



5.3. Force map

two attractive force minimums can be identified: one over the NH and one over
the N side of the inner cavity of the porphycene molecule. The strongest in-
teraction forces can be observed above the bare N sides. The tautomerization
is shown by the black markers in figure 5.7b and 5.7c. All tautomerization ap-
peared as a single sudden jump at the tip height, indicated by the beginning of
the black marked region, and no instable behavior or backward tautomerization
on a F (∆z) spectrum of the three-dimensional force map was observed. The ab-
sence of any tip height (∆z) area or position area over the porphycene molecule
with an unstable reversible tautomerization indicates a clear energy difference
between the initial and final tautomeric state in presence of the tip at these po-
sitions over the molecule. The tautomerization can be successfully induced in
the area over the NH sides of the inner cavity of the porphycene molecule. The
tautomerization transfers the H atoms intra molecular from the NH sides under
the tip towards the other side and leaves behind the bare N sides with stronger
tip-molecule interactions under the tip after the tautomerization. The shortest
tip approach which could induce the tautomerization can be found on the molec-
ular symmetry axis at around the center of the area, which could successfully
induce the tautomerization. This represents the position (see figure 5.1a) of the
∆f(∆z) spectra shown in figure 5.2 and indicates this as good reference position
for further investigations of the mechanism of the force-induced tautomerization
by a comparison to theoretical simulated data.

5.3.1 Position adjustment of the force map

To adjust the position of the force map with respect to the molecule and underlay-
ing surface represents an experimental challenge. During the three-dimensional
force map measurements, a grid over the STM image of the porphycene molecule
was used to determine the position of the individual ∆f(∆z) spectra with respect
to the porphycene molecule. Additionally, a manual drift correction according to
the STM images measured between the individual ∆f(∆z) spectra ensured a high
positional precision.

To adjust the STM image with the grid of individual ∆f(∆z) spectra with
respect to the chemical structure and underlaying Cu(110) surface, the known
DFT calculation optimized molecular adsorption position and the corresponding
simulated STM images give a good basis. As the frequency shift spectra show
very high position dependence and the porphycene molecule switches between
two mirror symmetric states, additionally, a comparison of corresponding spec-
tra was used for the lateral position alignment of the force map. Assuming a
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Figure 5.8: Position adjustment of the force map. a, b) Schematic sketch of DFT
calculated optimized structure of the porphycene molecule on Cu(110) with the
position of the spectra before (a) and after the force-induced tautomerization
(b). Note that porphycene molecule changes its adsorption position during the
cis to cis tautomerization by 0.4 Å [25]. c) Backward subtracted approach and
retraction frequency shift ∆f(∆z) spectra. The tautomerization is (exclusively)
induced over the NH side of the porphycene, red to yellow filled circles in a),
leading to spectra over the N side for the retraction, red to yellow unfilled circles in
b), which are comparable to the spectra measured directly over the N sides of the
porphycene, blue filled circles in a). The best fitting pairs (1&11; 2&10; 3&9; 4&8;
5&7; 6) are shown in c) with the same ∆f shift (0;−15;−30;−45;−60;−75Hz).
The tip height ∆z represents the relative tip displacement with respect to an STM
set point of Vs = 100mV and It = 1nA. Measurement parameters: Aocs = 1Å,
f0 = 22646Hz, Q = 39143 (tip 1).

symmetrical tip, each spectrum measured over the NH side of the porphycene
(see red to yellow filled circles figure 5.8a) is a spectrum over the N side of the
porphycene after the tautomerization (see red to yellow unfilled circles figure
5.8b) and has a corresponding spectrum measured directly over the N side of the
porphycene, (see blue filled circles figure 5.8a). Therefore, the ∆f(∆z) spectra
after the tautomerization can be compared to the spectra over the N sides of the
porphycene to identify the best fitting pairs, which are shown in figure 5.8c. The
small deviations are expected to result from small uncertainties in the chosen
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tip position for the ∆f(∆z) spectra and possible asymmetrical geometries at the
tip apex. Nevertheless, this procedure should give an accuracy of ±0.4 Å in the
lateral position adjustment of the force map.

5.4 Potential curves in position dependence

To identify the energies required and gained by the tautomerization in dependence
of the position above the NH sides, three tautomerization spectra are shown
in figure 5.9. The energy spectra are measured at the symmetry axis of the
porphycene molecule and are exemplary chosen to show the energetic behavior
for the tautomerization at the outer edge of the molecule (see (i) in figure 5.9a),
the center of the area where the tautomerization can be induced successfully (see
(ii) in figure 5.9a), and close to the center of the molecule (see (iii) in figure 5.9a),
as indicated in the sketch of the porphycene molecule in the inset of figure 5.9a.
As discussed already in connection with the three-dimensional force map data (see
section 5.3), the tautomerization is induced after the shortest approach distance
at the green centrally located tautomerization spectrum (see (ii) in figure 5.9a).
But next to the tip height at the tautomerization, the relation of the approach
and retraction spectra before and after the tautomerization shows to be very
position dependent, which is of interest as it allows conclusions on the preferred
tautomeric state. This relation is well accessible by analyzing the difference of
the approach and retraction spectra ∆U = Uinitial − Ufinal which defines the
energy that is gained due to the tautomerization. These ∆U(∆z) energy spectra
are shown in figure 5.9b and identify distinct differences in the evolution of the
energy gain with the tip-sample distance dependent on the position above the
NH side of the porphycene molecule. At the outer edge of the molecule (see (i)
in figure 5.9b), the energy shows a crossover behavior with a favorable energy for
the initial state at large tip-sample distances and a favorable final state at close
tip-sample distances. This behavior vanishes towards the inner molecular side
(see (iii) in figure 5.9a), where the energy gain shows monotonous increase. At
the tip-sample distance of the tautomerization, the final state is favorable and
the system gains energy independent of the tip position over the molecule. That
the preference of a tautomeric state can be influenced and even the favorable
state changed depending on the distance of an "atom of influence" in the atomic
scale surrounding of the molecule has also been observed by the tuning of the
tautomerization rate of the STM induced tautomerization with an adatom next
to the molecule (see section 2.3.3) [25]. Depending on the adatom molecule
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distance, the porphycene first preferred the state with the H atoms at the side
of the adatom and changed this favorable tautomeric state at very close adatom
distance. The position dependent energy spectra support these previous results
and demonstrate that the favorable tautomeric state depends next to the "atom
of influence" molecule distance also strongly on the position of approach to the
molecule.

Figure 5.9: Potential curves of the tautomerization in position dependence. a)
Tautomerization energy U spectra at three positions above the porphycene as
indicated in the inset (backward subtracted). The tip height ∆z is given with
respect to ze of the Morse potential model fit at the position (ii) (green) (due to
a higher fitting accuracy the fit was proceed with the force data shown in figure
5.3). For clarity the spectra of position (ii) and (iii) are displaced by 0.2 eV
and 0.4 eV , respectively. b) Energy gain ∆U = Uinitial − Ufinal corresponding
to the tautomerization spectra in b). Measurement parameters: a = 100 pm,
f0 = 22653Hz, Q = 18274 (tip 1).
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5.5 Xe terminated tip

A very interesting question is the importance of the chemical properties of the
tip for the force-induced tautomerization. Distinct influence of the chemical tip
properties was for example predicted by DFT calculations for Si atom hopping
on Si(111) [143]. Hence, we functionalized the AFM tip by vertical manipulation
with a single Xe atom (see sketch in figure 5.10a) [144]. The Xe tip termination
did not significantly change the STM image contrast but enhanced it slightly in
comparison to the Cu tip (see STM images in figure 5.10b and c).

To characterize the importance of the chemical properties of the tip apex on
the tautomerization, we investigated the interaction forces between the Xe tip and
the porphycene molecule. In contrast to the measurement with a Cu tip, a mini-
mum in the frequency shift spectrum over the Cu(110) surface can be measured.
As shown in figure 5.10b, the spectrum over the porphycene molecule was taken
at the same position as the one where the Cu tip induced the tautomerization.
With the Xe tip the frequency spectrum shows an attractive minimum and enters
into the repulsive regime at closer tip-sample distances. For further approach of
the tip, the interaction becomes attractive again, suggesting a sidewards relax-
ation of the Xe atom at the tip apex. The backward spectrum follows the same
trajectory as the forward one and the STM image taken after the spectra (see
figure 5.10c) identifies that no tautomerization was induced by the Xe tip. Fig-
ure 5.10e and the inset of figure 5.10d and 5.10e show the background subtracted
energy, frequency shift and force spectrum in the area before the Xe atom relaxes
at the tip apex. The interaction energy between the Xe tip and the porphycene
is much smaller than the one with the Cu tip, suggesting that the Xe tip can
not overcome the threshold energy to induce the tautomerization. The fit of the
force spectrum with the Morse potential model does not reveal the experimental
data as well as the spectra taken with a Cu tip, which may attribute to a slight
relaxation of the physisorbed Xe atom on the Cu tip due to the expected weak
bonding strength [145] between Xe and tip already in this regime.
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Figure 5.10: Force spectroscopy of porphycene with a Xe terminated tip. a)
Schematic sketch of the Xe terminated tip over the porphycene molecule. b) STM
image before and c) after the spectrum over the porphycene. The tautomerization
was not induced by the Xe terminated tip. d) Frequency shift ∆f spectrum of the
porphycene and the Cu(110) surface with the Xe terminated tip. The position of
the tip over the molecule is indicated by a white star in b). The inset shows the
backward subtracted porphycene spectrum in the area before the Xe tip relaxes,
as indicated by the dashed line (same axis units). e) The background subtracted
energy U spectrum and in the inset the corresponding force F spectrum (same
x-axis unit). The force spectrum is fitted by the Morse potential model and the
tip height is given with respect to ze. Measurement parameters: a = 100 pm,
f0 = 22646Hz, Q = 39143.
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5.6 DFT calculations of porphycene

To get a closer insight into the mechanism of the force-induced tautomerization
we modeled the surface-molecule-tip system with DFT (see figure 5.11a) and cal-
culated the optimized structure, force curves, and the reaction pathway in collab-
oration with Thomas Frederiksen and Mats Persson. The DFT calculations of the
geometries, interaction energies, MEPs, vibrational modes, and vibrational fre-
quencies were calculated using periodic, plane-wave DFT of the Vienna ab-initio
simulation program (VASP) [146]. Additionally the electron-ion core interactions
were computed by the Projected Augmented Wave (PAW) method [147] and the
exchange-correlation by the van der Waals density functional optB86B [148–151].
The plane-wave cut off was set to 400 eV . The Cu(110) surface was implemented
by a super cell containing four layers of 4×6 Cu(110) unite cell and 20 Å vacuum
region. The Cu tip was modeled by a pyramid of five Cu atoms and for the Xe tip
a Xe atom was adsorbed on its tip apex. A 2× 2× 1 grid was used in the k-point
sampling. The bottom two Cu layers were kept fixed at the lattice constant of
3.6 Å at the relaxation of the structures. The rest of the structure was relaxed
until all forces were less than 0.01 eV/Å.

Figure 5.11: DFT calculation of the energy spectra. a, b) Structure model of
the DFT optimized structure of porphycene on Cu(110). c) DFT calculated
background subtracted interaction energies U at three positions over the NH
(initial) and the N (final) sides of the porphycene molecule as indicated in b) and
d) their corresponding energy gain ∆U= Uinitial-Ufinal spectra. The initial and
final spectra represent the states before and after the tautomerization.
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The DFT calculated optimized structure of porphycene on Cu(110) is shown
in figure 5.11a and b. The bare N atoms interact with the underlaying Cu atoms
and distort the molecule from its planar gas phase form by 0.75 Å. Additionally
the interaction shifts the molecular axis with respect to the underlaying closed
packed [11̄0] Cu row by 0.2 Å along the Cu [001] high symmetry direction.

As comparison to the experimentally determined position dependent interac-
tion energies and energy gains of the tautomerization, we performed DFT cal-
culations of the tip porphycene system with approaching the tip at six different
positions over the porphycene molecule. To represent the experimental positions
in figure 5.9a, the interaction energies were calculated with a tip displacement
of ∆x = ±2.8 Å, ∆x = ±1.8 Å, and ∆x = ±0.8 Å of the molecular axis along
the porphycene mirror axis, as indicated by the colored circles in figure 5.11b. In
addition, the energy spectra were calculated for the tip approach over the bare
Cu surface and subtracted from the Cu tip, porphycene, Cu surface calculated
energies in order to obtain the background subtracted data shown in figure 5.11c.
The associated energy gains at these three tautomerization positions are plotted
in figure 5.11d. Furthermore, a force map along the porphycene mirror axis was
calculated (see figure 5.12). The experimentally and theoretically determined in-
teraction energies and forces agree quantitatively very well to each other, display
the stronger forces over the N sides than over the NH sides and reveal the position
dependent development of the energy gain before and after the tautomerization.
Nevertheless, the calculated energies and forces exceed the experimentally de-

Figure 5.12: DFT calculation of the force map (only the F < 0 regime is shown).
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termined ones. Next to the experimental error of around 10 − 20% due to the
limited precision of the exact spring constant [152] also the tip model used in
the DFT, a pyramid of five atoms, is an idealistic, low-coordinated and therefore
rather reactive tip, which can lead to an overestimation of the tip interactions.
Moreover, the force map shows strong minimums at the edges of the porphycene,
suggesting an influence of the rather sharp and reactive tip model.

5.7 Mechanism of the force-induced
tautomerization

5.7.1 Importance of the NH bond

In the gas phase the porphycene has a very low tautomerization barrier of around
70meV [47], which is overcome via quantum tunneling and leads to rapid tau-
tomerization [27]. It was identified that the tautomerization rate is essentially
influenced by the hydrogen bonding strength and geometry in the porphycene
cavity [50]. Considering the porphycene on Cu(110), the slight distortion from
the planar form in gas phase distorts the geometry of the inner cavity and can
lead to an increasing tautomerization barrier, which can be associated to weaker
H bonds in the distorted cavity. The interaction with the approaching tip could
lead to additional changes of the NH bonding geometry in the porphycene cavity.

It can be expected that the NH stretching mode is very sensitive to the hydro-
gen bonding strength and the geometry in the inner cavity. As reported, the NH
stretching mode at around 380meV can be detected by dI/dV spectroscopy [24]
(see section 2.3.1), as shown in figure 5.13a. Therefore, we determined the NH
stretching mode in dependence of the tip-sample distance as shown in figure 5.13b.
The NH stretching mode shifts to lower energies at close tip-sample distances,
which can be associated with a decreasing strength of the NH bond.

The DFT calculated NH stretching modes in tip distance dependence are
shown in figure 5.14. With the tip positioned over the NH side (black dots), the
stretching mode shifts to lower energies at close tip-sample distances. In contrast
to this, the mode shifts to higher energies when the tip is placed over the bare N
sides, indicating the importance of the tip positioning over the porphycene. The
influence of the tip on the geometry of the inner cavity and the hydrogen bond
strength can also be indicated by the NH bond length. A DFT calculated map of
the NH bond length in dependence of the tip position is shown in figure 5.15. The
map shows a maximum NH bond length for a tip located around the NH sides,
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Figure 5.13: dI/dV of the NH stretching mode in tip-sample distance depen-
dence. a) dI/dV spectrum of the NH stretching mode of porphycene (I = 300 pA;
V = 100meV ). The inset shows an STM image with a star indicating the tip
position. b) NH stretching mode dI/dV spectrum in tip-sample distance depen-
dence. The tip height is given by the indicated STM current and a bias voltage
of V = 100meV over the porphycene. Note that this data was measured with
a pure STM setup of the system (no q+-sensor) to increase the signal-to-noise
ratio. Due to the absence of the oscillation amplitude, the tip height differs from
the STM set point in the AFM setup. In the STM setup the tip is closer to the
surface by approximately the oscillation amplitude.

which corresponds well to the tautomerization positions determined in experi-
ment. Interestingly, the NH bond already extends in the attractive force regime
(see the attractive-repulsive interaction force contour indicated by the black line
in the map in figure 5.15), which reflects the experimental data very well. In
summary, the tip-porphycene interactions influence the inner cavity geometry.
At the tip positions of tautomerization, the red-shift of the NH stretching mode
and increase of the NH bond length indicate stronger H bonds, which reduce
the tautomerization barrier, that can then be overcome for example by quantum
tunneling [153,154].
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Figure 5.14: DFT calculation of NH modes in presence of the tip. DFT calculation
of the NH stretching and NH in- and out-of-plane bending modes in dependence of
the tip-sample distance at two positions over the porphycene molecule as indicated
in the inset.

Figure 5.15: NH bond length map in dependence of the tip position. The contour
between attractive and repulsive tip-sample forces F (zline) = 0 is indicated by a
black line.

5.7.2 Minimum energy path (MEP)

Minimum energy paths (MEPs) of the tautomerization were calculated by the
nudge elastic band (NEB) method [155, 156]. For the NEB method the initial
and final state of the reaction must be known and an initial guess of an inter-
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mediate state is interpolated to give a reaction path. The images along the path
are minimized to give the MEP. The path length corresponds to the Euclidean

Figure 5.16: Minimum energy paths (MEPs) of the stepwise cis to cis tautomer-
ization. a) MEP for the stepwise tautomerization via an intermediate trans state
in absence of the tip and b) in presence of the tip over the NH side at different
tip-sample distances as indicated by the geometry of the model. The crosses in-
dicate the energy of the initial, final, barrier, and intermediate states including
an zero-point energy (ZPE) correction calculated by considering the vibrational
energy of the two inner H atoms.
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distance between the images along the reaction path in the configuration space.
In porphycene two tautomerization pathways are possible for the intermolecular
transfer of the two H atoms: a stepwise tautomerization over one of the inter-
mediate trans states or a concerted tautomerization where both H atom transfer
at the same time and the molecule maintains its axis symmetry during the path.
For these two reactions, the minimum energy pathways in absence of the tip are
shown in figure 5.16a and 5.17. For the stepwise process, one obtains a sym-
metric MEP over one of the intermediate trans states with a cis to trans energy
barrier of 342meV and a trans to cis barrier of 168meV . For comparison to
the experimental data, the influence of the zero point energy (ZPE) of the two
inner H atoms should be considered. The ZPE corrected energies Uc are defined
as Uc = U(x) + UZPE(x) − UZPE(cisi) with U(x) and UZPE(x) the potential
and the zero-point energy at the state x and UZPE(cisi) the zero-point energy
at the initial cis state cisi. The ZPEs were modeled by the vibration energies
of the two inner H atoms, where only theses were allowed to move. One of the
vibration modes was observed to be unstable at the barrier configuration, indi-
cating the transition state nature of this configuration. Including the ZPE, the

Figure 5.17: MEP for the concerted tautomerization in absence of the tip. The
MEPs are calculated with the nudge elastic band (NEB) method and the path
length is determined by the Euclidean distance between the images in the con-
figuration space. The crosses indicate the energy of the initial, final, barrier, and
intermediate states, including a zero-point energy (ZPE) correction calculated by
considering the vibrational energy of the two inner H atoms.
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barriers reduce to 203meV for the cis to trans state and 19meV for the trans
to cis state. For the concerted pathway (see figure 5.17), the energy barrier is
with 628meV and 352meV with ZPE correction much higher than the stepwise
tautomerization, identifying this path as less favorable. Therefore, the energeti-
cally preferred stepwise pathway was used to calculate the potential landscape of
the tautomerization under the influence of the interaction forces with the AFM
tip. In figure 5.16b the MEP of the stepwise tautomerization is calculated in
dependence of the approaching tip. The tip-sample interactions distort the MEP,
depending on the tip height. At large tip-sample distances, the initial state is
energetically favorable over the final state. This changes for smaller tip heights
∆z < 0 Å and the final state is favorite. At very close tip-sample distance of
∆z = −0.55 Å, the cis to trans barrier reduces to 164meV and the trans to cis
barrier to 34meV . Including the ZPE correction, the trans to cis barrier vanishes
completely and only the cis to trans barrier of 35meV remains, which can lead
to the tautomerization via quantum tunneling [153,154].
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5.8 DFT calculations with a Xe terminated tip

In figure 5.18 DFT calculations with a Xe terminated Cu tip are shown. For
these calculations the tip model of a pyramid of five Cu atoms was extended
by a Xe atom at its tip apex (see figure 5.18a) and the force and energy in tip
height dependence are calculated, as shown in figure 5.18b. The interaction forces
and energies are generally much weaker than the interactions calculated for the
Cu tip, which reflects the experimental observations very well. Allowing the Xe
atom to relax on the tip apex (see figure 5.18c), it does so at short tip-sample
distances and the force spectroscopy shows a second minimum in the repulsive
interaction regime close to z = 0 (see figure 5.18d), standing in good agreement
with the experiment. The DFT calculation results suggest that the molecule Xe
tip interactions are too weak and the Xe atom is not stiff enough to induce the
tautomerization of the porphycene molecule.

Figure 5.18: DFT calculations of spectroscopy with a Xe tip. a) Structural model
of a frozen and c) relaxed Xe terminated Cu tip approaching to a porphycene
molecule on Cu(110). b) Background subtracted interaction forces and energies
between the frozen and d) relaxed Xe terminated Cu tip and the porphycene
molecule for a lateral tip position of ∆x = −1.8 Å. The background subtracted
force F (blue markers) is derived from the background subtracted energy U . The
tip height ∆z is defined with respect to the energy minimum of U with a frozen
Xe tip.
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Figure 5.19: Minimum energy path for the tautomerization with a Xe tip. a)
Calculated MEP for the stepwise cis to cis tautomerization via an intermediate
trans state for a Xe terminated Cu tip at a tip height of ∆z = −0.7Å and b)
∆z = −1.7Å. The tip height is defined with respect to the potential minimum
calculated with a frozen Xe tip and the lateral tip position of ∆x = −1.8Å.
The MEPs are calculated with the nudge elastic band (NEB) method and the
path length is determined by the Euclidean distance between the images in the
configuration space.

Figure 5.19 shows the MEPs for the stepwise cis to trans to cis tautomeriza-
tion with a Xe terminated tip. The tautomerization barrier is with 0.72 eV and
around 1.07 eV for ∆z = −0.7Å (see figure 5.19a) and ∆z = −1.7Å (see figure
5.19b), respectively, much higher than for the Cu tip. The Xe atom is in the way
of the reaction, which results in lager motions of the Xe atom and the atoms in
the molecule in the reaction path. In contrast to the Cu tip, the reaction barrier
is much higher in presence of a Xe tip than in absence of a tip, demonstrating
the importance of the chemical properties of the tip to lower the tautomerization
barrier via tip-molecule interactions and inducing the tautomerization.
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5.9 Summary

We investigated the force-induced tautomerization of porphycene on Cu(110) by
NC-AFM experiments and DFT calculations. On a Cu(110) surface the por-
phycene molecules are exclusively found in the cis tautomeric state and can be
reversible switched between the two cis states in absence of sufficient thermal
or tunneling electron-induced energy at zero bias voltage and 5K merely by in-
teraction with an approaching Cu tip. Force spectroscopy with an approached
and retracted AFM tip revealed the interaction forces between the Cu tip and
the porphycene molecule and identified the tautomerization as instantaneous pro-
cess, which is highly reproducible with the same tip conditions. The tautomer-
ization occurred within a tip height area of 8 pm and a frequency shift area of
3.6Hz (around 8 % of the frequency shift at this tip height) for six spectra mea-
sured with the same tip conditions. For different tip conditions, the tautomeriza-
tion threshold varies between 230 − 630meV for 21 Cu tips. Three-dimensional
force mapping of individual approach and retraction spectra over the porphycene
molecule showed a high spatial sensitivity with a lateral resolution on the sub-
atomic level, which exceeded the STM resolution of this system. The force map
showed local interaction strength maxima over the NH sides of the inner cavity
of the porphycene and the strongest interaction forces above the N sides. The
tautomerization can be induced over the NH side of the inner cavity of the por-
phycene molecule, leading to stronger interaction forces and gained energy after
the tautomerization with a tip over the bare N sides. DFT calculations of the
approach and retraction force spectra and the force mapping show a very high
quantitative agreement to the experimental results. Experimentally, a shifting of
the NH stretching mode was found for an approaching tip at the position over
the molecule where the tautomerization could be induced successfully, which was
confirmed by DFT calculations. Furthermore, the calculated NH bond length
showed to be higher for an approached tip at this position. The shifting of
the NH stretching mode and the higher NH bond length indicate that the ap-
proaching tip lead to a changing of the inner cavity arrangement with stronger
H bonding, which is known to lower the tautomerization barrier [50]. The NEB
theory calculations revealed the evolution of the reaction barrier under the force
of the approaching tip and identified a significant lowering of the tautomeriza-
tion barrier and a stepwise cis to trans to cis tautomerization process. In the
experiments, the tautomerization could not be induced by a Xe terminated tip,
indicating the importance of the chemical properties of the tip apex. The DFT
calculations with a Xe terminated tip showed a very high tautomerization barrier
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in presence of the Xe tip, which even extended the barrier in absence of a tip and
identified that the Xe atom bends at close tip-sample distances and is in the way
of the reaction, confirming the importance of the chemical nature of the tip apex.

These results demonstrate that merely the approaching of a tip can lower
the reaction barrier and induce the reaction process, which invokes a catalytic
process. The absence of the reaction process for the Xe terminated tip displays
the crucial importance of the tip reactivity and stability to reduce the reaction
barrier. As the SPM tip termination with various atoms and molecules is a well-
established method [59,157–162] a systematic study of different tip terminations
could give an insight into the mechanism of a catalytic reaction and provide a
tool for controlling a reaction barrier at the atomic level. Additionally, the SPM
technique provides the possibility to probe and manipulate the local environment
of a molecule and the procedures of this study could be used to investigate the
catalytic nature of e.g. step edges, defects or molecules on the a reaction process.
Controlled force-induced reactions, as demonstrated in this study, could therefore
give an insight into catalytic reaction mechanisms on surfaces.
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Summary and Outlook

This thesis described the study of tautomerization of single porphycene molecules
on Cu surfaces using low-temperature SPM and demonstrated that the process
could be induced by different external stimuli, i.e., heat, electrons, and force. The
electron- and heat-induced tautomerization and the nonlocal hot carrier-induced
tautomerization were studied on a Cu(111) surface with STM. The force-induced
tautomerization was studied on Cu(110) with an AFM. The mechanism of the
force-induced process was also investigated by DFT calculations and revealed that
the tautomerization is triggered through the distortion of the potential landscape
in the presence of the AFM tip.

Porphycene adsorbes on Cu(111) in the trans tautomeric state and can be
observed stable at low bias voltages at 5K. The porphycene molecule can be
converted to the cis state by vibrational excitation via an inelastic electron tun-
neling process at bias voltages greater than 160meV . Additionally a reversible
cis to cis tautomerization can also be induced with a threshold voltage of around
150meV . The cis to trans backward reaction can be thermally induced by heat-
ing the substrate up to 36K, and all cis molecules were switched back to the trans
form by an activation energy of around 40meV , indicating that the trans is the
thermodynamically stable tautomer and the cis state is the metastable one. A
reversible cis to cis tautomerization could also be induced thermally with an acti-
vation energy of around 35meV . Interestingly, the backward cis to trans reaction
did not occur via a vibrationally-(electron-)induced process, albeit the threshold
voltage (∼ 150meV ) is substantially higher than the estimated thermal barrier
(∼ 40meV ). The higher barrier for the vibrationally induced tautomerization
indicates that the reaction coordinate is associated to a high frequency mode via
anharmonic coupling. Such an anharmonic coupling to a high frequency is known
to be able to influence a reaction process decisively [115]. Further explanation of
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these mechanism would require the identification of the STM-excited vibrational
modes via inelastic electron tunneling (i.e. electron-phonon coupling) and molec-
ular dynamics simulations that take into account the multi-dimensional nature
of the potential landscape and anharmonic mode coupling.

Furthermore, electron-induced tautomerization can be induced not only in
molecules underneath the STM tip, i.e. the injection point of tunneling elec-
trons, but also in the distance of several tens of nm. Tip-surface distance de-
pendent measurements next to step edges and above conductive defects revealed
that the nonlocal process is induced by hot-carriers traveling along the surface.
The reaction rate was found to be much smaller for hot holes than for hot elec-
trons since the latter can travel efficiently via the surface state of Cu(111). The
adsorbed porphycene molecules interact with the Cu surface state, leading to a
coverage dependent tautomerization efficiency for the nonlocal process. At low
molecular coverage the adsorption behavior is affected by the surface state and
the intermolecular distance exhibits a preferable value determined by the surface
state meditated interaction and a higher tautomerization rate was observed. At
molecular coverages higher than around 0.1nm−2, the molecules can not fulfill the
optimized distances and adsorb with maximal possible molecular separation. At
these coverages no scattering pattern of the surface state can be observed between
the molecules in the STM image. dI/dV spectroscopy revealed the quenching of
the surface state due to the high molecular coverage and the tautomerization
efficiency became significantly lower for high molecular coverage than for low
molecular coverage.

The coverage dependence of the tautomerization efficiency demonstrated the
correlation of the Cu(111) surface state and the hot carrier transportation and
we envision a possibility to engineer the Cu(111) surface state and the hot car-
rier transport locally by using the molecule-surface interactions. These results
provide an insight into the mechanisms of hot carrier-induced chemical excita-
tion processes on surfaces. These mechanisms can also be beneficial for a further
understanding of other chemical reaction processes, which involve hot-carriers
traveling via the surface and inducing a reaction, as e.g. in photochemistry on
surfaces, where hot carriers are induced by photons.

The force-induced tautomerization of a single porphycene molecule on a
Cu(110) surface was investigated using NC-AFM. A reversible cis to cis tau-
tomerization can be induced merely by bringing a metallic tip close to a molecule
even at 5K and zero bias voltage, thus in the absence of sufficient thermal en-
ergy and energetic tunneling electrons. Force spectroscopy was used to quantify
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the tip-molecule interactions during the tip approach and retraction. The force
spectra showed a sudden jump to more attractive interaction when the tautomer-
ization occurs and the threshold energy varied in the range of 230 − 630meV

examined for 21 different tip apex conditions. This variation is most probably
due to different tip apex geometry on the atomic scale. Three dimensional force
mapping revealed that the tautomerization can be induced over the amine (NH)
sides of the porphycene leaving imine (N) sides under the tip after the tautomer-
ization. The force map resolved the tip-molecule interactions at sub-Ånström
spatial resolution and showed the strongest interaction above the N sides of the
inner cavity as well as local interaction maxima above the NH sides. The fa-
vorable tautomeric state during the tip approach was found in the energy gain
of the system, which corresponds to the difference of the potential curves before
and after a tautomerization event. The evolution of the energy gain shows a po-
sition dependence within the molecule. At the outer side of the porphycene, the
favorable tautomeric state changes depending on the tip height. The initial state
is favorable at large tip-sample distances, while it is inverted at short tip-sample
distances and the system gains energy due to the tautomerization (note that at
very long distances the initial and final state have the same potential energy).
However, a different behavior was observed at the inner side of the molecule; the
energy gain increases monotonously and the final state stays more stable than
the initial state. Moreover, it was revealed that the tautomerization could not
be induced with a Xe terminated tip. For the Xe terminated tip the interac-
tion strength is weaker than that for a Cu tip and the Xe atom starts to bend
reversible at very small tip-sample distances. This result demonstrates the im-
portance of the chemical nature of the tip apex. Simulated force curves based on
DFT calculations showed a good agreement to the experimental results; strongest
interactions over the N sides as well as strong interactions over the NH sides of
the inner cavity of the porphycene molecule and the position dependent energy
gain. MEPs calculated by the NEB method predicted a step wise tautomeriza-
tion via an intermediate trans state. The N-H stretching mode observed in the
dI/dV spectra exhibited a significant red-shift upon tip approach, indicating the
weakening of the NH bonds and a strengthening of the hydrogen bonds in the
molecular cavity. These observations are supported by simulations and the in-
crease of the NH bond length upon tip approach. The hydrogen bond strength in
the inner cavity of the porphycene is associated with the tautomerization barrier
and rate [50]. Therefore, the stronger hydrogen bonds shoud result in a lowering
of the tautomerization barrier. This picture was confirmed by the DFT calcu-
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Chapter 6. Summary and Outlook

lations and the MEP of the tautomerization showed that the approaching tip
distorts the potential landscape and reduces the tautomerization barrier at close
tip-sample distance. The DFT calculations for the Xe terminated tip revealed
that the interaction strengths for the Xe tip are significantly smaller than for the
Cu tip. Additionally, the Xe atom move around at the tip apex at close tip-
sample distances. The MEP simulations showed that the Xe atom is in the way
for the tautomerization, which leads to a complex and long MEP for a potential
tautomerization with a high tautomerization barrier which even exceeds the one
in the absence of a tip.

These results show the capability of inducing tautomerization merely by ap-
proaching an atomically sharp tip on a specific side over the molecule and demon-
strate the role and importance of the chemical nature of the tip. Furthermore,
these studies give an insight into the mechanisms that appear at the atomic
scale during a force-induced chemical bond rearrangement and give an exemplary
procedure to investigate force induced chemical reactions. The reduction of the
reaction barrier by the approaching tip invokes a catalytic process. The absence
of the the chemical process in presence of a Xe terminated tip demonstrates the
capability to investigate the catalytic properties of a specific tip termination. The
SPM tip termination with a variety of atoms/molecules is a well-established tech-
nique [59, 157–162] which could be used to investigate the interaction forces and
capabilities to induce a chemical reaction in a systematic way. This could lead
to a further understanding and control of the mechanisms of a catalytic process
on the atomic scale.
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