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Abstract
This thesis revolves around the investigation of molecules adsorbed on metallic
surfaces using combined low temperature scanning tunneling microscopy (STM)
and atomic force microscopy (AFM). The focus is on three studies addressing
switching and adsorption phenomena as well as acting forces in molecular junctions:
Tris-[4-(phenylazo)-phenyl]-amine (TPAPA) molecules, composed of three azobenzene subunits, are investigated on a Ag(111) surface. Despite expectation for
azobenzene containing molecules on Ag(111), surprisingly, switching of TPAPA is
feasible. Controlled switching of the azobenzene subunits between two states can
selectively and reversibly be achieved by injecting electrons in the azo bridges.
Passing current through the center of a TPAPA molecule induces switching processes in the three azobenzene subunits. It is shown that the switching process
is no trans–cis isomerisation but rather a reorientation of the N–N bond of an
azobenzene unit using STM and AFM at sub-molecular resolution along with
scanning tunneling spectroscopy (STS) and density functional theory (DFT) calculations. The reorientation proceeds through a twisting motion of the azo-bridge
that leads to a lateral shift of a phenyl ring.
Two closely related cyclophane molecules with a three-dimensional doubledecker structure are studied on a Ag(111) surface. Both molecules are designed
to attach to the surface with a naphthalene diimide (NDI) subunit while either
a stilbene or an azobenzene moiety is exposed to the vacuum. A striking change
in corrugation and apparent height of STM images is observed at moderate bias
voltages. Oval protrusions dominate the topographs at elevated voltage, but
are absent at lower voltage in favor of features with submolecular dimensions.
The submolecular structures are assigned to reflect the molecule’s position by
analyzing occasional defects in the islands using STM and AFM. Calculations
suggest that the oval protrusions are due to the presence of two intermolecular
Ag adatoms and their electronic state.
Force spectroscopy is performed on iron tetraphenylporphyrin molecules with
and without an axial Cl ligands (FeTPPCl and FeTPP) on Au(111). The transfer
of the Cl ligand between FeTPPCl molecules and the tip of the AFM is used to
systematically change the charge configuration in the junction. The maximal
forces and the curve shapes considerably depend on the position and number of
charged ligands in the tip–molecule junction. A point charge model reproduces
the essential features of the force curves. A non-monotonous variation of the
force with two Cl ions in the junction is explained by a tilting of the Cl ion at
the tip at sufficient small distances. It is shown that Cl ligand transfers between
molecules and the tip occur at application of adequate forces.
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Zusammenfassung
Die vorliegende Dissertation beschäftigt sich mit Molekülen auf Metalloberflächen, welche mittels kombinierter Rastertunnelmikroskopie (STM) und Rasterkraftmikroskopie (AFM) erforscht wurden. Drei Molekülsysteme wurden in Hinblick auf Schaltbarkeit und des zugrundeliegenden Schaltmechanismus, Adsorbtionsphänomene sowie dem Auftreten von Kräften zwischen Molekülen und der
AFM Spitze untersucht:
Tris-[4-(phenylazo)-phenyl]-amin (TPAPA) Moleküle, aufgebaut aus drei Azobenzol Einheiten, werden auf Ag(111) Oberflächen untersucht. Entgegen der Erwartung für auf Azobenzol basierenden Molekülen auf Ag(111) lässt sich TPAPA
schalten. Die Azobenzol Einheiten lassen sich kontrolliert und reversibel zwischen zwei Zuständen schalten, indem Elektronen in die Azobrücke injiziert werden. Stromfluss durch das Molekülzentrum führt zu Schaltvorgängen in allen
drei Azobenzol Einheiten. Mit Hilfe von STM, AFM, Rastertunnelspektroskopie
(STS) und Dichtefunktionaltheorie (DFT) Rechnungen wird gezeigt, dass es sich
bei dem Schaltprozess nicht um eine trans-cis Isomerisierung, sondern vielmehr
um eine Neuorientierung der N-N Bindung der Azobenzol Einheiten handelt. Die
Neuorientierung geschieht durch eine Verdrillung der Azobrücke, die zu einer lateralen Verschiebung eines Phenylrings führt.
Zwei Cyclophan Moleküle mit dreidimensionaler Doppeldecker Struktur werden auf Ag(111) Oberflächen untersucht. Beide Moleküle wurden entwickelt um
mit einer Naphthalin Diimid (NDI) Plattform an der Oberfläche zu adsorbieren
während entweder Azobenzol oder Stilben als funktionelle Einheit der Vakuumseite zugewandt ist. STM Bilder weisen eine markante Änderung im Profil der
scheinbaren Höhe auf, die bei moderaten Spannungen auftritt. Während bei niedrigen Spannungen submolekulare Strukturen auftreten, werden die STM Bilder
bei höheren Spannungen von ovalen Erhebungen dominiert. Untersuchungen von
gelegentlich auftretenden Defekten in der Inselstruktur ergeben, dass die submolekularen Strukturen die Molekülpositionen markieren. Rechnungen zeigen, dass
die starken Erhöhungen durch zwei Silberatome, die sich zwischen benachbarten
Molekülen befinden, und deren elektronischen Zustand zustande kommen.
An Eisen Tetraphenylporphyrin Molekülen mit und ohne axialen Cl Liganden
auf Au(111) wird Kraftspektroskopie durchgeführt. Der Transfer von geladenen
Cl Liganden zwischen Molekülen und der Spitze des AFM wird genutzt, um die
Ladungsanordnung in der Messstrecke systematisch zu verändern. Die maximale
attraktive Kraft sowie die Kurvenform hängen entschieden von der Anzahl und
Position geladener Cl Liganden in der Messstrecke ab. Die charakteristischen
Merkmale der Kraftkurven werden durch ein Punktladungsmodell reproduziert.
Eine nicht monotone Variation der Kraftkurve, die mit zwei Cl Ionen in der
Messstrecke auftritt, wird auf eine Seitwertsneigung des Cl Ions an der Spitze
zurückgeführt. Es wird gezeigt, dass der Transfer von Cl Liganden von Molekülen
zur Spitze durch das Aufbringen genügend großer Kräfte auftritt.
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Introduction

Modern nanotechnology demands for ever smaller, faster and more efficient processors and higher data storage densities. However, the currently established silicon based technology encounters size limits due to power dissipation and quantum
effects [1]. Thus, other concepts are considered such as the bottom-up approach.
It involves the assembly of fundamental components from individual atoms and
molecules rather then tailoring materials with lithographic processes. Thereby,
functional molecules have attracted increasing attention. Their intrinsic small
size on the order of 1 nm may increase the packing density of devices and intermolecular interaction can be used to yield self-assembled molecular structures.
Advances in chemistry makes it feasible to design and synthesize molecules with
precisely defined characteristics tailored for specific functions or applications. A
huge diversity of properties has been achieved so far which often has no analog in
conventional materials. Consequently, the potential use of molecules as building
blocks in electrical circuits is an active field of research [2]. Molecules could be
used, for example, as wires [3, 4], rectifiers [5–7] or transistors [8, 9].
One prominent example of functional molecules are molecular switches which
can reversibly be changed between two or more states in response to external
stimuli such as light, electric field or current. Switching may involve a change of
conformation, such as the cis–trans isomerization of azobenzene molecules [10–
14], dipole orientation [15, 16], spin state [17, 18], charge state [19–21] or bond
formation [22]. Such molecules appear to be particularly promising for data
storage devices [23, 24].
A key requirement for controlling and reading the switch states of molecules by
electrical means is their embedding in suitable environments such as attachment
1
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to a substrate. Metal surfaces are of special interest since they represent electrodes that are needed to contact the molecules [25]. However, interactions with
a substrate can substantially modify the molecule’s properties. The performance
of an intrinsically switchable molecule is often diminished or its functionality can
even be completely suppressed [26].
In order to develop reliable molecular electronic devices it is necessary to understand the switching mechanisms in more detail as well as adsorbate–substrate
interactions that influence the molecular properties. The gained knowledge may
help to adapt the chemical design of the molecules. One aspect is the identification of the molecule’s adsorption geometry. Many molecular functionalities, such
as the isomerization process, are directly linked to the structure of the adsorbed
molecules and even a slight variation in the structure can lead to the suppression of bistability on the surface [27]. One promising strategy to retain molecular
functionalities upon adsorption is the decoupling of the molecular switch from the
surface with, for instance, ultrathin insulating layers [28] or by developing selfdecoupled molecules using spacer groups [29], platforms [30, 31] or double-decker
designs [32] to lift the functional unit from the substrate.
Aside from possible applications, molecular adsorbates represent interesting
systems for fundamental research which offer the possibility to explore phenomena
at the nanometer scale.
The investigation of molecular systems at interfaces is only possible due to
the development of powerful experimental techniques. Scanning tunneling microscopy (STM) and atomic force microscopy (AFM) performed in ultra-high
vacuum (UHV) and at low temperatures offer the unique possibility of investigating adsorbates on surfaces at the atomic scale. Used in combination, these
techniques allow to gain a deep insight into the electronic, conformational and
mechanical properties of the investigated systems.
Moreover, both techniques offer the possibility of manipulating single molecules
and adatoms and thus to precisely probe their functions. Manipulation of adsorbates may involve a controlled change in their lateral [33–36] and vertical [37–47]
positions, inducing chemical reactions [22, 48, 49] or switching between different
conformations [26, 50–52].
In this thesis, a combination of low-temperature STM and AFM is used to
study the structural and electronic properties of switchable molecules on metal
surfaces with the aim to understand the properties of molecule–metal interfaces.
Furthermore, the combination of the experimental data with calculations yield an
accurate description of the properties of molecular systems that were investigated
in this work.
The basic principles of the used measurement techniques are described briefly
in the following chapter.

3

In Chapter 3, the switching of azobenzene based tripod molecule tris-[4(phenylazo)-phenyl]-amine (TPAPA) on Ag(111) is studied. Structural information of the switched states are deduced from STM and AFM data as well as
DFT calculations.
The focus of Chapter 4 is on two closely related cyclophane molecules with a
three-dimensional double-decker structure on Ag(111). Combined STM and AFM
investigations along with DFT calculations unravel the composition of molecular
islands with coadsorbed Ag adatoms.
In Chapter 5, the force in AFM junctions containing iron tetraphenylporphyrin chloride (FeTPPCl) molecules is investigated. The charge configuration
within the junction is systematically modified by transferring Cl ligands between
molecules and the tip. A point charge model suggest that the relevant forces arise
mainly from image interaction with the conducting tip and sample and electrostatic interaction between the ligands.
The following part of this thesis has been published in a peer-reviewed journals:
• Chapter 3:
Katharina Scheil, Thiruvancheril G. Gopakumar, Julia Bahrenburg, Friedrich
Temps, Reinhard J. Maurer, Karsten Reuter and Richard Berndt,
Switching of an Azobenzene-Tripod Molecule on Ag(111),
J. Phys. Chem. Lett. 7, 2080 (2016)
• Chapter 4:
Katharina Scheil, Nicolás Lorente, Marie-Laure Bocquet, Pascal C. Hess,
Marcel Mayor and Richard Berndt,
Adatom Coadsorption with Three-Dimensional Cyclophanes on Ag(111),
J. Phys. Chem. C. 121, 25303 (2017)
In Chapters 3 and 4 a few changes to the published manuscripts were carried out
without changing the content.
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Fundamentals

Since the invention of the scanning tunneling microscope (STM) in 1982 and the
atomic force microscope (AFM) in 1985 both have become extremely powerful
tools for experiments in surface science due to the ability of investigating and
manipulating surfaces at the atomic scale.
Since all experiments in this thesis were performed with a combined low temperature STM/ AFM, the basic principles of both techniques are addressed in
this chapter with the focus on certain aspects that are relevant to this thesis.
Further detailed descriptions of STM and AFM can be found, for example, in
Refs. [53–60].

2.1

Scanning Tunneling Microscopy

The STM allows to investigate adsorbates on conducting samples. The technique
utilizes the quantum mechanical tunneling effect, a phenomenon where a particle
passes a potential barrier that it classically could not overcome. In low temperature STM the potential barrier is formed by the vacuum gap between a sharp
metallic tip and a conducting sample surface. At a temperature of T = 0 K the
energy bands of tip and sample are filled with electrons up to their Fermi energies.
The two electrodes are connected to a voltage source. For 0 V, the Fermi levels
are aligned. By applying a voltage V between tip ans sample the Fermi levels
can be energetically shifted by eV with respect to each other. For sufficiently
small tip–sample distances, electrons can tunnel from one electrode to the other
5
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with a probability T . The probability T can be approximated using the WentzelKramers-Brillouin (WKB) model, which considers electrons tunneling through a
one dimensional trapezoidal barrier of width z [61]:
T (z, V, E) ∝ exp(−2κz) with
√ s
2m
eV
− E,
κ=
Φ+
~
2

(2.1)
(2.2)

where m is the electron mass, e the elementary charge, ~ the reduced Planck
constant, Φ the mean work functions of sample and tip and E the electron’s
energy.
At 0 K the tunneling current can be expressed as [61]:
I(z, V ) ∝

Z eV
0

ρs (E)ρt (E − eV )T (z, V, E)dE,

(2.3)

where ρs and ρt are the local densities of states (LDOS) of the sample and tip
and E is the energy of states participating in the tunneling process.
−1
For metals κ ≈ 1 Å , so the tunneling current decreases by roughly an order
of magnitude when the the tip–sample separation is increased by 1 Å, and vice
versa [54]. Consequently, STM measurements are highly sensitive to the tip
displacement and most of the tunneling current is carried by the tip atom that is
closest to the sample.
The exact shape of the tip and its LDOS is typically unknown in STM experiments. In the approach by Tersoff and Hamann the tip is modeled by one atom
with only s-wave states. With this approximation, the current is proportional to
the integrated LDOS of the sample at the position of the tip atom [62, 63].
STM images are acquired using two different operation modes both utilizing
the tunneling current. In the constant-current mode the tip is scanned across the
surface while the tunneling current is kept at a preset value. This is achieved
by adjusting the distance of the tip to the surface with a feedback loop. The
vertical tip displacement at all measurement positions provides a topographic
image. A STM topograph not only depends on the geometry of the sample but
also on its electric properties since the tunneling current depends on the LDOS
of the sample (Eq. 2.3) which is a function of both position and energy [64,
65]. The interpretation of STM images may not always be straightforward, for
example, topographs of decoupled adsorbates such as three-dimensional molecules
(Chapter 4).
A second imaging possibility is to acquire current maps at a constant vertical
tip displacement without an adjustment of the tip–sample distance. This method
requires extra attention to surface structures, thermal drift and environmental
vibrations to prevent tip crashes. In combined STM/AFM setups current maps
can be acquired simultaneously to constant height AFM measurements of the
frequency shift. The effect of an AFM measurement on the measured tunneling
current is accounted for in Section 2.8.

2.2 Scanning Tunneling Spectroscopy

2.2
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In order to gain the electric properties of the sample, the differential conductance
dI/dV is usually determined as a function of the applied voltage. Within the
WKB approximation (Eq. 2.3), the differential conductance is expressed as:
dI/dV ∝ ρs (E)ρt (E − eV )T (z, V, E)
(2.4)
Z eV
ρt (E − eV )
T (z, V, E)dE
(2.5)
+
ρs (E)
dV
0
Z eV
dT (z, V, E)
dE.
(2.6)
+
ρs (E)ρt (E − eV )
dV
0
The last two terms are usually neglected under the assumption of a constant
tip LDOS and minor changes in the tunneling transmission probability at small
voltages [66]. Under these assumptions the differential conductance dI/dV is
directly proportional to the sample LDOS:
dI/dV ∝ ρs (E)T (z, V, E).

(2.7)

The differential conductance can be obtained experimentally in scanning tunneling spectroscopy (STS). For that purpose a voltage ramp superimposed with
a modulation is applied to the sample and the current is measured as a function
of the voltage. The differential conductance is obtained using lock-in techniques.

2.3

Atomic Force Microscopy

The AFM is closely related to the STM. Both share the key components except
that the tunneling tip is replaced by a force sensor. The basic principles of the
used measuring technique as well as the forces relevant during ultra-high vacuum
(UHV) experiments in this thesis are presented in the following.

2.4

Dynamic Non-Contact AFM with Frequency
Modulation

Initially, AFM force measurements were performed by observing the deflection
q of a cantilever with stiffness k under interacting forces between tip and sample, so called static AFM. Since the deflection is directly linked to the force F
acting on the tip via q = F/k this relation makes the interpretation straightforward. However, when the interacting force gradient exceeds the cantilevers
stiffness in non-contact AFM measurements, a jump-to-contact instability occurs
which might damage the sample under investigation. While stiffer cantilevers
can prevent this problem they lead to a reduction of the measurement sensitivity.
This issues can be avoided using dynamic methods, which enable highly sensitive
force measurements with stiff cantilevers [56].

8
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The mode used in this thesis is dynamic non-contact AFM with frequency
modulation (FM-AFM) where a cantilever is excited to oscillate at its resonance
frequency f with constant amplitude A [67]. Typical frequencies and oscillation
amplitudes within this method are between 20–200 kHz and between 0.05–5 nm.
The force is measured indirectly, the main observable is the change in the cantilevers resonance frequency caused by forces between tip and sample. The cantilever oscillates at its eigenfrequency f = f0 when no forces act on it. Interacting
tip–sample forces Fts cause the resonance frequency to shift by ∆f so that the
cantilever oscillates at a frequency f = f0 + ∆f .
When the force gradient kts = −∂Fts /∂z is constant over the range of oscillation the frequency shift follows [56]:
∆f = f0

kts
,
2k

(2.8)

where k is the cantilevers spring constant. A more general expression for the
relation between the measured frequency shift ∆f and the force Fts may be used
when the force gradient kts varies over the oscillation range [68]:
∆f = −

u
f0 Z 1
Fts (z + A(1 + u)) √
du,
πkA −1
1 − u2

(2.9)

where z is the distance of closest tip approach to the surface. The frequency shift
is a weighted average of the force over one oscillation period.
The experimental implementation for obtaining the frequency shift in FMAFM is sketched in Fig. 2.1. A cantilever with sharp tip attached to it is mechanically excited at its resonance frequency f by a piezo actuator. The oscillation
deflection q(t) is usually detected via optical beam deflection or, as in this thesis,
via a self sensing cantilever [56] (see Section 2.11). The deflection signal is first
amplified and bandpass filtered for noise reduction and then enters an amplitude
control circuit and a phase locked loop (PLL).
The amplitude controller keeps the cantilevers oscillation amplitude A constant. For that purpose the dc-converted deflection signal is compared to an
amplitude setpoint A0 and the excitation amplitude Vexc is adjusted by a feedback controller. Vexc is related to the energy dissipation in the system due to
tip–sample interactions (cf. Section 2.9).
In order to maintain excitation on resonance, a phase difference of 90◦ between
the excitation and response signal of the sensor is needed. This can either be done
by driving the sensor with the phase shifted deflection signal or, as in this thesis,
by using a PLL to supply the excitation signal which can lock to a specific phase.
The advantage of using the excitation signal from the PLL is that it usually has
a higher spectral purity than the sensor deflection signal.

9
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A

PLL as
detector
+phase
shifter

amplitude
controller
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Δf

+

amplitude
converter

deflection a(t)

deflection
detection

A

actuator

0

cantilever

Iavg

-A
sample

Figure 2.1: Schematic diagram of the AFM feedback loop for constant amplitude
control and frequency shift measurement with a phase locked loop (PLL) adapted from
Refs. [56, 69]. f0 is the cantilevers eigenfrequency and A0 is the amplitude setpoint.
The frequency shift ∆f , the excitation signal Vexc , the oscillation amplitude A and the
averaged tunneling current Iavg are usually the recorded signals.

In addition, the PLL provides a signal proportional to the frequency shift
∆f = f −f0 of the response signal to a set reference frequency, i.e. the cantilevers
eigenfrequency f0 . The ∆f signal can be used as feedback parameter for obtaining
topographs of constant frequency shift, for acquiring frequency shift maps at
constant height or for performing force spectroscopy, i.e. measuring the frequency
shift as a function of the tip–sample distance. However, for practical usage, the
frequency shift should be converted to a force.

2.5

Force Extraction

In frequency-modulation AFM the quantity to be measured is the frequency shift
which is not a direct measure of the force (cf. Eq. (2.9)). To get the force,
deconvolution methods are necessary. Several attempts to convert the frequency
shift to a force have been performed such as iterative methods [70, 71], the analysis
of higher harmonics of the oscillation [72] or the use of amplitude dependence of
the frequency shift [73].
However, direct deconvolution methods proposed by Giessibl [74] (numerical
matrix method) and Sader and Jarvis [75] (analytical Sader-Jarvis formula) are
favored. These methods where found to be most robust against the presence of
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experimental noise [55] and extract forces with similar accuracy [76]. However,
the matrix method is very sensitive to the ratio A/d of the oscillation amplitude A
and the vertical step width d of ∆f (z) data points. Often a data interpolation is
necessary to optimize the deconvolution and the matrix method requires powerful
mathematical routines [55]. Therefore, the most commonly used method is the
deconvolution formalism by Sader and Jarvis, which is given by:

F (z) = 2k

Z ∞
z


1 + q

A1/2

8 π(t − z)



A3/2

dΩ(t)
dt,
2(t − z) dt

 Ω(t) − q

(2.10)

where Ω(t) = ∆f (t)/f0 and z is the closest distance between the oscillating tip
and the sample. The formalism is applicable for any force law and is valid for
arbitrary oscillation amplitudes.
For the formalism itself a worst case error of 7 % at the force minimum was
found [76]. The error comes from a approximation made in the derivation of the
formalism [75].
In addition the uncertainty of k, A and z have to be taken in to account. The
main contribution to the uncertainty of the force comes from the uncertainties
of k. We estimate the uncertainty of the force to be around 30 % with the force
sensor and amplitude calibration used in this thesis. The tuning fork used in
this thesis as well as the amplitude calibration are described in Section 2.11 and
2.12, respectively. Nevertheless, the uncertainty of the force does not affect the
comparison of force curves acquired with the same cantilever and tip.
It has to be noted that the Sader-Jarvis method is only valid for constant
oscillation amplitudes. In the formalism the integration is performed from z to
∞ but measurements provide finite data points. Therefore, the method requires
data acquisition over a adequate tip–sample distance range from the region of
interest and distances large enough such that the force converges to zero. If the
force has nevertheless force contributions at the largest acquired distance, an
extrapolation may be applied. The implementation of the force deconvolution
used in this thesis is described in detail in Ref. [77].

2.6

Interacting Forces

AFM allows to probe interacting forces between a sample and a tip. In contrast
to STM, where mainly the last tip atom contributes to the measured tunneling
current, the overall force is composed of different contributions which differ in
strength and distance range. In the following the most important forces for this
thesis are discussed. The two main long-range interactions are the van der Walls
(vdW) and capacitance forces with a range up to 100 nN [56].

2.6 Interacting Forces
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The attractive van der Waals forces originate from electromagnetic interaction
of fluctuating dipoles of tip and sample atoms. The vdW potential between
two atoms has a distance dependance of ∝ z −6 , which suggest a short range
character. However, in AFM experiments the vdW interaction of many atoms
in tip and sample contribute to a resulting total force. Hamaker calculated the
vdW interaction between continuous macroscopic objects assuming additivity of
individual pairwise contributions and uniform material properties [78]. With the
tip–sample AFM junction simplified as a sphere with radius R at a distance z
from a flat infinite surface the vdW potential and force are:
HR
HR
,
FvdW = − 2 ,
(2.11)
VvdW = −
6z
6z
where H is the material dependent Hamaker constant [79].1 The resulting vdW
forces due to the macroscopic part of the tip features a long range character and
can become significant. A typical Hamaker constant in the order of H = 1 eV [59]
and a tip with radius of R = 10 nm at a distance z = 1 nm result in a vdW force
of FvdW ≈ 0.3 nN, which is a major force contribution at the nanometer scale. In
order to interpret force versus distance curves, independent of the macroscopic
tip shape, a background correction is usually performed (Section 2.7).
A strong attractive force may also lead to experimental problems. If the
attraction becomes to strong, the tip may be pulled into contact, molecules under
investigation may be picked up by the tip or the frequency shift may exceed the
bandwidth of the AFM feedback loop. For this reason, a very sharp tip is crucial
for AFM experiments.
In a tunneling junction attractive capacitance forces usually occur between the
tip and the sample due to a potential difference ∆V between both electrodes [59].
The capacitance force can be written as
1 ∂C(z)
∆V 2 ,
(2.12)
FC (V ) =
2 ∂z
where z is the tip–sample distance and C(z) is the tip–sample geometry dependent
capacitance [57, 58]. The potential difference is ∆V = V + VCP D where V is an
external applied sample voltage and VCP D the contact potential difference with
respect to the sample. The contact potential difference is caused by different tip
and sample work functions, Wt and Ws , respectively [80]:
Wt − Ws
VCP D =
,
(2.13)
e
where e is the elementary charge. When the electrodes are contacted, electrons
flow from the electrode with lower to the one with higher work function. This
results in charges on both sides of the junction and leads to an electrostatic
attractive force between the electrodes. Figures 2.2 (a) and (b) show the electronic
energy levels of tip and sample with and without contacted electrodes.
1

Expressions for conical, pyramidal and more complex tip shapes can be found in Ref. [57].
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Figure 2.2: (a) Tip and sample represent two electrodes with different work functions Wt and Ws (EF,t and EF,s are the Fermi levels of tip and sample, EV is the vacuum
level). (b) When brought into electrical contact, electrons flow from the electrode with
lower into the one with higher work function and the Fermi levels align (EF ), which
leads to a contact potential difference VCP D . Adapted from Ref. [81].

The capacitance force follows a parabolic behavior as a function of the applied
voltage. At the parabola’s apex the applied voltage has the same magnitude as
the contact potential difference but opposite sign. Thereby, the applied voltage
is such that the surface charge in the contact area and the capacitance force are
nullified (∆V = V + VCP D = 0). Kelvin probe force microscopy (KPFM) uses
this relation to determine the contact potential difference experimentally.2
The effect of the capacitance force can therefore be nullified by applying adequate voltages to compensate the contact potential difference. However, in practice a complete compensation is not feasible since the work function is very sensitive to the local geometry of the surface [57, 83]. Moreover, typical values of
the contact potential difference in the systems used in this thesis, i.e. molecules
on Ag(111) and Au(111) surfaces, are in the order of ≈ 500–600 mV. AFM experiments in this thesis, however, are performed at smaller voltages to prevent
damages of the molecular systems due to increased currents at small tip–sample
separations close to the contact.
The focus in this thesis is on the side specific short range component of the
force. At small tip–sample distances below 1 nm, additional attractive interactions can be found such as covalent or metallic bonding forces as well as repulsive

2

An introduction into KPFM can be found in Refs. [80, 82].
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2.7 Extraction of the Short Range Force

forces due to the Pauli exclusion principle [57, 58]. A commonly used model potential to describe the interaction between two neutral atoms at distance r is the
Lennard-Jones potential [79]:
"

rm
rm 12
−2
VLJ (r) = 
r
r
∂VLJ (r)
FLJ (r) = −
,
∂r




6 #

and

(2.14)
(2.15)

where  is the depth of the potential well, rm position of the potentials minimum
and FLJ the resulting force. The r−12 term describes the Pauli repulsion at
short distance ranges and the r−6 term the vdW attraction at long ranges. The
Lennard-Jones potential is a good approximation in many cases with, at the same
time, computational simplicity compared to other methods based on quantum
mechanical modeling.
Electrical charges may be found in the STM/AFM junction. Many processes
can introduce charges into a tip–sample junction, for example during the surface
preparation [58]. Charges can be trapped on insulating layers [21, 83] and in
turn commonly used polar thin insulating layers form a periodic charge arrangement [84–86]. Beyond that, molecules may provide charged ligands as shown
in Chapter 5. The interaction between charged particles can be described by
Coulomb’s law.
Since in combined STM/AFM tip and sample are conducting electrodes, the
presence of charges can lead to image forces. The image force is the interaction
due to polarization of a metal electrode by the charges [57]. The resulting force
can be described classically with the method of image charges [87–89] (Chapter 5).
In this method the force is described by Coulomb’s law between the charged
particle, simplified as point charge, and an image charge of opposite sign in the
conducting electrode.

2.7

Extraction of the Short Range Force

Generally, the AFM measures a signal related to the total tip–sample force, which
is composed of different force contributions acting between tip and sample. The
quantity of interest in AFM experiments is usually the site specific short range
component of the force between the tip apex and the surface. However, in most
cases the measured total tip–sample force has significant non-site-specific long
range force contributions such as van der Waals and electrostatic forces from the
underlying substrate.
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In order to extract the short range force, different attempts to remove the long
range components have been made. One approach is to fit a model to the long
range background and extrapolate the fit to the short range regime. However, the
result of the extrapolation highly depends on the fitting regime and the chosen
model. In Ref. [90] several models are compared and criteria for the selection
of the transition point between the long- and short-range interaction regime are
discussed.
One of the most common method is the ’on-minus-off’ method [91–93]. This
method uses two experimental force curves both acquired over the same range
of tip–sample separations. One curve is obtained at the relevant sample site and
a second curve serves as reference. The reference curve has to be acquired at
a region of the surface that excludes any relevant short-range interaction and
ideally only contains the long range force contribution. A subtraction of both
curves removes the long range force components.

2.8

Current Measurement in Frequency Modulated Non-Contact AFM

The use of conducting samples and cantilever tips makes it possible to measure the tunneling current simultaneously to the frequency shift. Since the cantilever typically oscillates at frequencies that are higher than the bandwidth of
the current-to-voltage converter, a time averaged value is measured. The time
averaged tunneling current Iav can be expressed as [71, 94, 95]:
Iav (z) =

1
1Z1
I(z + A(1 + u)) √
du,
π −1
1 − u2

(2.16)

where z is the closest distance between the oscillating tip and the sample, A is the
tip oscillation amplitude and I the instantaneous current value. The tunneling
current at the closest separation between tip and sample can be extracted from
the measured averaged current with the formalism of Sader and Sugimoto [95]:
I(z) = Iav (z + A) −

Z ∞
z

s



2A  dIav (τ )
−
τ −z
dτ

s



2 dIav (τ + A) 
dτ.
π
dτ

(2.17)

This formula is valid for arbitrary oscillation amplitudes. A constant amplitude is
required. Approximations made in the derivation of the formalism lead to an uncertainty which is similar to the one of Eq. (2.10) (5 %) [95]. The implementation
of the integration formula is described in Ref. [77].

15

2.9 Dissipation

2.9

Dissipation

The formalisms of Sader and Jarvis (Eq. (2.10) and (2.17)) are only valid for
constant oscillation amplitudes. In the experimental setup a feedback controller is
used to adjust the oscillation amplitude. The excitation amplitude (Vexc ) needed
in order to maintain a constant oscillation amplitude A, is a measure related to
the energy loss in the motion of the cantilever. The cantilever itself dissipates
energy due to internal friction. This energy dissipation D0 per oscillation cycle
is given by [96]:
2πE
,
(2.18)
D0 =
Q
where E = kA2 /2 is the energy of the cantilever, Q is the quality factor and k
the spring constant of the cantilever.
Nonconservative forces between tip and sample lead to additional energy loss
in the motion of the cantilever. The resulting damping Dts can be extracted from
the driving amplitudes far away (Vexc,0 ) and close to the sample (Vexc ) [70, 96]:
!

Dts = D0

f
Vexc
,
−
Vexc,0 f0

(2.19)

where f0 is the cantilevers eigenfrequency and f the resonance frequency close
to the sample. In our experiments f /f0 ≈ 1 since the frequency shifts are very
small compared to the cantilevers eigenfrequency (∆f < 10−3 f0 ). Force versus
distance curves, shown in this thesis, all exhibit constant amplitudes and relations
Vexc /Vexc,0 < 1.3.

2.10

Experimental Setup

All experiments presented in this thesis were performed with a commercial combined low-temperature beetle-type STM/AFM operating at ultra-high vacuum
(UHV) conditions at ≈ 5 K with transferable samples and sensors. The sensor used for STM/AFM measurements is described in Section 2.11. The system
comprises three separable chambers, a measuring chamber containing the microscope connected to a cryostat, a preparation chamber and a chamber used as
a load-lock to transfer samples and sensors in and out of the vacuum. Samples can be prepared by noble gas ion bombardment and heating with button
heaters. Molecules can be evaporated from heatable crucibles onto the sample at
adjustable temperature (Liquid nitrogen temperature up to several 100◦ C) in the
preparation chamber. For a more detailed description of the experimental setup
the reader is referred to Ref. [77]. The preparation procedures for the investigated
molecules presented in this thesis are explained in the respective chapters.
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The AFM Sensor

A cantilever used for AFM experiments is characterized by its stiffness or spring
constant k, its eigenfrequency f0 and its quality factor Q, which indicates how
sharp the resonance is. In the experiments performed in this thesis a self sensing
cantilever in the qPlus design was used [97–99].
The qPlus sensor consists of a quartz tuning fork with eigenfrequency f0 =
32768 Hz and with a spring constant of approximately 1800 N/m found in previous
investigations [100]. The spring constant of stiff cantilevers can be obtained with
different methods such as from the bending of the sensor as a function of the
applied force [101], the change in eigenfrequency due to adding small masses
to the cantilever [102], by analysis of the thermal noise spectrum [103, 104] or
calculation from the sensors elastic properties [105]. A study comparing these
methods obtained uncertainties of 10 % to 14 % for the cantilever stiffness of qPlus
sensors used in this thesis [100]. However, larger deviations of the stiffness were
reported by several authors therefore we allow for an uncertainty of 30 % [106,
107].
One prong of the tuning fork is glued to a mount, the other is free to oscillate
when mechanically excited (1 in Fig. 2.3 (a)). A tungsten tip wire with a diameter
of 50 µm is attached to the free prong and serves as probe tip (2 in Fig. 2.3 (a)).
Tips were prepared by electrochemical etching with NaOH solution. The tips
were further prepared in UHV by indenting them into metallic surfaces.
The sensors eigenfrequency f0 is obtained from resonance curves where the
oscillation amplitude is measured as a function of the excitation frequency for a
constant excitation amplitude. Eigenfrequencies in the range of f0 = 20–27 kHz
were obtained for sensors used in this thesis depending on the dimensions of the
attached tip wire and the mass of glue used for its fixation. In Fig. 2.3 (b) a
typical resonance curve is shown with a resonance of 23.022 kHz.
Single crystal quartz tuning forks have the benefit of a low internal dissipation
and a high quality factor Q. With qPlus sensors quality factors in the range
of 104 in low temperature UHV conditions can be achieved [97, 99, 108]. The
quality factor is defined as Q = f0 /B−3dB where B−3dB is the full width of the
amplitude resonance curve at −3 dB [109]. The resonance curve in Fig. 2.4 (b)
features B−3dB = (0.5 ± 0.1) Hz which results in a quality factors of Q ≈ 45000.
To avoid crosstalk between the STM and AFM signals, the tip wire is electrically isolated from the prong but connected with a gold wire with a diameter
of ≈ 10 µm (3 in Fig. 2.3 (a)) to measure the tunneling current independently of
the AFM signal. The AFM signal is detected via cables connected to the tuning
fork contacts (4 in Fig. 2.3 (a)).
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Figure 2.3: (a) The qPlus sensor (adapted from Ref. [110]). A quartz tuning
fork (1) features a tungsten tip wire (2) at the face side of a prong. The tip wire is
connected with a ≈ 10 µm gold wire (3). The tuning fork electrodes are connected
with gold wires (4). All components are glued to a ceramic (Macor) body (5). (b)
Oscillation amplitude AT F as a function of the excitation frequency f centered around
the sensors resonance f0 = 23.022 kHz (Amplitude of the driving signal: Vexc = 0.2 mV,
cantilever stiffness: k = 1800 N/m). The bandwidth is B−3dB = (0.5 ± 0.1) Hz resulting
in a quality factor of Q ≈ 45000.

2.12

Amplitude Calibration

The oscillation of the free prong with amplitude AT F results in a piezo electric
voltage at the electrodes of the tuning fork and a small current which is amplified
by a current-to-voltage amplifier. After filtering for noise reduction and further
amplification, a voltage signal with amplitude AV is obtained that is proportional
to the actual sensor deflection:
AT F = αAV

(2.20)

A calibration is necessary to find out the actual sensor deflection. For the oscillation amplitude calibration we make use of the capability to measure the tunneling
current simultaneously to AFM measurements [56, 111]. The force sensor is driven
at constant oscillation amplitudes. The measured tunneling current is an average value due to the small bandwidth of the current-to-voltage converter. The
vertical tip displacement ∆z is controlled by the STM feedback loop to maintain
a constant current. The relationship between AV and the tip–sample distance is
recorded (Fig. 2.4).
For the calibration we utilize the fact that for high enough oscillation amplitudes (in the nanometer range [111]) a change in oscillation amplitude ∆A is
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Figure 2.4: Relation between the tip retraction ∆z and readout oscillation amplitude AV at constant average tunneling current (U = 100 mV, I = 30 pA). The
slope in the linear part corresponds to the calibration factor in Eq. (2.20) α =
(0.29 ± 0.03) Å/mV.

proportional to the change in tip retraction ∆z in order to maintain a constant
current [56, 111].
The calibration factor α is extracted from the curves slope of the experimental
data for sufficiently large amplitudes. One can then calibrate the whole amplitude range down to very small values. The uncertainty of the amplitude mainly
depends on the calibration of the piezo constants, performed at atomic step edges,
which is about 10 %.
Figure 2.4 shows an amplitude calibration curve recorded during this thesis.
The piezo retraction ∆z increases linearly for readout amplitudes AV larger than
10 mV. From the slope a calibration factor of α = (0.29 ± 0.03) Å/mV was
extracted.

2.13

Definition of the Tip–Sample Distance

In this thesis, frequency shift curves and therefore the extracted force curves
(Eq. (2.10)) are acquired as a function of the vertical piezo displacement ∆z.
The piezo displacement ∆z is given with respect to a reference point defined
by the current and voltage set points when the feedback loop is opened. The
absolute tip–sample distance of force curves is linked to the piezo displacement
by an offset. To determine the offset, contact curves are acquired with a non
oscillating tip. Figure 2.5 (a) shows a typical contact curve measured with a gold
covered tip on a Au(111) substrate. When the tip–sample distance decreases
(negative ∆z) a sudden jump in the tunneling current occurs at a certain piezo
displacement ∆zc (arrow in Fig. 2.5 (a)) followed by a plateau in the current. This
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Figure 2.5: (a) Conductance G in units of the quantum of conductance G0 as a
function of the tip displacement ∆z measured with a gold tip over Au(111). ∆z = 0 Å is
defined by the feedback parameters (V = 100 mV, I = 1.3 nA). A sudden jump (arrow)
indicates the point of mechanical tip–sample contact. (b) Definition of the tip height
of a non oscillating tip. The outermost atomic layer is defined as zero height z0 . The
feedback loop is opened at ∆z = 0 Å, |∆zc | is the piezo displacement at which mechanical contact is formed and dAu = 2.88 Å is the distance between nearest neighbors in a
Au crystal [112]. (c, d) Sketches of an oscillating (black) and non oscillating cantilever
(gray). (c) The closest tip–sample separation of an oscillating cantilever is smaller by
the oscillation amplitude A compared to a non oscillating cantilever at the same piezo
displacement. (d) In constant current mode a piezo retraction ∆zAF M occurs for an
oscillating cantilever compared to a non oscillating cantilever.

sudden jump is interpreted as the point of mechanical contact between the tip
and the sample surface.
We define the position of the outermost atomic layer as the point of zero
height (z0 in Fig. 2.5 (b)). When a mechanical contact is formed, the distance of
the outermost atomic layer and the last tip atom is assumed to be dAu = 2.88 Å,
the distance between nearest neighbors in a Au crystal [112].
Forces curves are measured as a function of the closest separation between
the oscillating tip and the sample [56, 75]. Therefore, the closest tip–sample
separation for an oscillating tip (black in Fig. 2.5 (c)) is smaller by the oscillation
amplitude A compared to the tip–sample distance of a non oscillating tip at
the same piezo displacement (gray in Fig. 2.5 (c)). In addition a piezo retraction
∆zAF M occurs in constant current mode when the tip starts to oscillate compared
to a non oscillating tip (Fig. 2.5 (d), cf. Section 2.12).
The investigation of a system other than the bare metal tip over the substrate may lead to an additional tip displacement ∆zsys . Positioning the tip over
molecules involve a tip retraction by the apparent height of the molecule with
respect to the surface. A functionalization of the tip, such as a Cl-termination of
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a gold tip in Chapter 5, leads to an additional displacement compared to a bare
metal tip.
In total, the offsets to gain the absolute height zof f set of an oscillating tip is:
zof f set = |∆zc | + dAu + ∆zAF M − A + ∆zsys .

(2.21)

3

Switching of an Azobenzene-Tripod
Molecule on Ag(111)
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3.1

Switching of an Azobenzene-Tripod Molecule on Ag(111)

Introduction

The trans–cis isomerization of azobenzene (AB) and its derivatives has been investigated in detail, partially because AB may be modified with various substituents
and still exhibits robust light-driven switching [113, 114]. Unfortunately, this
robustness does not extend to the adsorption on metal substrates. Drastically
reduced efficiencies of light-induced switching of AB when adsorbed to Au have
been reported and attributed to rapid excited-state quenching [12, 14, 115–118].
Dispersion-corrected density functional theory (DFT) calculations have recently
identified an additional factor that may be involved in reducing efficiency [119].
Once adsorbed on Au(111) or Ag(111), the barrier that prevents the cis isomer
to return to the trans ground state via a rotation is drastically reduced. This
effect, which may effectively eliminate trans–cis bistability, was predicted to be
particularly significant on Ag(111) and more reactive substrates. An increase of
the rate of thermal cis–trans isomerization of azobenzene-containing molecules
has been reported from gold nanoparticles [120, 121].
Using a scanning tunneling microscope (STM) extreme current densities may
be achieved through a single molecule [26, 45, 122, 123]. Using this approach,
electron-induced switching of AB derivatives on Au remains possible although
efficiencies scatter widely [10, 12, 124–127]. Despite expectations for azobenzene
(AB)-containing molecules on Ag(111) [119], we find that switching of tris-[4(phenylazo)-phenyl]-amine (TPAPA) on Ag(111) is feasible.
TPAPA comprises three AB units connected via an amino linker in a threefold symmetric fashion [128–130]. We demonstrate that each of the AB subunits
may be reversibly and selectively switched between two states by injecting electrons. Switching may also be triggered by passing current through the central
amino nitrogen atom. From scanning tunneling spectroscopy and atomic force
microscopy (AFM) along with extensive density functional theory (DFT) calculations we find that the switching is not due to a trans–cis isomerisation. Rather,
it involves a reorientation of the N–N bond of AB, which we suggest to proceed
through a twisting motion of the azo-bridge that leads to a shift of a phenyl
ring. The AB subunit is transformed between two chiral configurations that are
distinct and metastable on the Ag(111) surface.
Beyond double-bond isomerization a variety of electron-induced reactions have
been observed from adsorbed molecules, which encompass ring closing/opening [131], charge transfer [132, 133], conformational isomerization [134–137],
changes of spin-state [17, 18], and ligand transfer [47]. Recent reviews may be
found in Refs. [25, 138, 139].

3.2 Experimental Details
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Experimental Details

The Ag(111) substrate and etched W tips were cleaned by Ar+ sputtering and
annealing. The tips were further coated with silver by indenting them into the
substrate. TPAPA molecules in a Ta crucible were repeatedly degassed before
sublimating them at ≈ 150◦ C onto clean Ag(111) surfaces kept at ambient temperature in ultra high vacuum (UHV). The experiments were then performed
with a STM and an AFM/STM operated in UHV at ≈ 5 K. Differential conductance (dI/dV ) spectra were measured with a lock-in amplifier by superimposing
a modulation (5 − 10mVrms , 7 kHz) onto the sample voltage V .

3.3

Results and Discussion

Figure 3.1 (a) shows the structure of TPAPA on Ag(111) as predicted using
dispersion-corrected DFT calculations (PBE+vdWsurf [140, 141] using the
CASTEP [142] package). Below, we denote the phenyl groups connected via
the amino nitrogen as inner (dark blue in Fig. 3.1 (a)) and the other ones as outer
groups (light blue). Steric repulsion between the hydrogen atoms of the inner
phenyls induces a propeller-like twist of the AB ligands from the molecular plane
of ≈ 40◦ in gas phase and ≈ 30◦ on Ag(111) [129, 130]. Viewed from the center
of an adsorbed molecule, the twist may be clockwise or anticlockwise, leading
to a chirality of the molecule. The energetically most favorable configuration is
thereby an all-trans form with the outer phenyl rings lying flat on the surface to
maximize dispersion interaction.
A STM topograph of a part of a TPAPA island on Ag(111) is shown in
Fig. 3.1 (b). Each molecule exhibits three main protrusions (≈ 220 pm apparent
height with respect to the Ag substrate) near its center, which we attribute to
the inner phenyl rings. Models are overlaid over some molecules to show their
orientations, which are similar to TPAPA on Au(111) [130]. In the interior of the
island it is a priori not clear which set of protrusions belongs to a given molecule.
The molecules at island edges, however, provide clear indication of the position
of the outer phenyl rings. The outer phenyls lead to three lower protrusions of
≈ 170 pm apparent height. The height at the approximate positions of the azo
groups between the phenyl rings is lower by ≈ 20 pm. This distinct depression
at the position of the N–N azo-bridge is in qualitative agreement with previous
STM data from AB on metal substrates [10–12, 14, 130, 134]. The average
intermolecular distance extracted from STM images is (1.7 ± 0.2) nm and the
molecular lattice is rotated by (8 ± 2)◦ with respect to the compact directions of
Ag(111). We note in passing that most islands observed were almost enantiopure.
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Figure 3.1: (a) Top-view of the minimum energy structure of TPAPA on Ag(111)
from DFT calculations.Light and dark blue indicate the outer and inner phenyl rings,
respectively. The shading of the inner rings shows their ≈ 30◦ anticlockwise out-of-plane
twist. The outer phenyl groups are located on the left-hand side of the plane defined
by the azobenzene (AB) molecular axis and the surface normal. This handedness of
the adsorbed AB subunits is denoted S. Switching of an AB subunit leads to modified
structure (gray). It involves a lateral shift (arrow) of the outer phenyl ring and a
twirling motion of the N–N bond (curved arrow). (b) STM topograph (1.0 V, 100 pA)
of an island of TPAPA molecules on Ag(111). Scaled models are overlaid. Double
headed arrows indicate the compact directions of the Ag(111) surface.

Next, switching of TPAPA in islands was investigated. Placing the tip over an
azo bridge (dot in Fig. 3.2 (a)) and increasing the sample voltage beyond ≈ 1.1 V
leads to a clear change of the addressed AB subunit as shown in Fig. 3.2 (b). Currents of ≈ 1.1 nA were used to obtain a convenient rate of switching events. By
successively repeating this procedure all three AB units were switched (Fig. 3.2 (c),
(d)). To highlight the changes in the topographs Fig. 3.2 (e–g) display difference
images. They reveal little change at the molecular center and the inner phenyl
rings but a drastic modification of the area of the azo bridges. Subsequently, the
changes were reversed (Fig. 3.2 (h–m)).
Topographic changes of the outer phenyl rings are most obvious at island
edges. Figure 3.3 shows (a, b) models of molecules at an island edge (c, d)
before and (e, f) after switching. The corresponding changes are displayed in
Fig. 3.3 (g) and (h). The data confirm the apparent height change at the azo
bridge and also reveal a lateral motion of the maximum due to the outer phenyl
ring by ≈ 1.5 Å. Within islands, the phenyl rings are surrounded by the tallest
features of neighboring molecules. This renders a quantitative determination of
the lateral shift from constant-current images more difficult. At first glance, the
shift actually appears to be smaller. However, when the superposition of the
currents to the relevant phenyl ring and the neighbor is taken into account, a
consistent shift is found (see Supplementary Information A.1.2).
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Figure 3.2: (a – d, h – j) Constant current topographs (1.0 V, 100 pA) from a
TPAPA island. Dots indicates points of current injection for switching (V = 1.3 V, I =
1.1 nA). Arrows indicate switched AB subunits. (a) Initially the molecule at the center
is in an all-trans state. (b) New state induced by passing current through the azo
bridge of the AB subunit on the lower left. (c, d) New states obtained through currentinduced of the remaining AB subunits. (h – j) Stepwise reversal of the switching until
the original state is reached. (e – g, k – m) Difference images obtained by subtracting
image (a) from (b – d) and (h – j). Scaled models of the molecule in (a) are overlaid.
The largest changes in the images are localized to the positions of the azo bridges.

Switching may also be induced by passing current through the center of a
TPAPA molecule. Time series of the current (Fig. 3.4) reveal abrupt current
fluctuations between four levels, which (in a sequence of increasing currents)
correspond to the pristine molecule and the states with 1, 2, or 3 switched AB
units. The data demonstrate that the switching is reversible. However, since
current is injected at the center of the TPAPA molecule, there is no preference
for a specific AB subunit. Selectivity for a specific AB subunit is achieved by
injection into a N–N bond as demonstrated in Fig. 3.2.
Switching occurs at both bias polarities with yields varying from Y ≈ 10−13
(at V = 0.8 and −1.8 V) to Y ∼ 10−11 at elevated currents and voltages (see
Supplementary Information A.1.1 for details). At positive sample voltage, the
switching rate approximately follows a power law ∼ I 2 , which may indicate a
two-electron process.
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Figure 3.3: Switching of molecules at the edges of two islands with different
molecular chiralities. Viewed from the center of a molecule, the inner phenyl rings
are twisted by ≈ 30◦ (a) clockwise and (b) anticlockwise. (a, b) Models show transconfigurations of one AB unit. Circles indicate the positions of protrusions observed in
constant current topographs. Dots mark the N center of molecules. (c, d) Topographs
(V = 1.0 V, I = 100 pA) of TPAPA at island edges corresponding to the models in (a)
and (b). (e, f) Topographs obtained after switching of the AB units at the island rim.
(g, h) Difference images (e)–(c) and (f)–(d).

The most obvious switching process to consider for AB and its derivatives is
trans–cis isomerisation. However, we exclude this possibility in the present case
for two reasons. First, trans–cis isomerisation significantly modifies the electronic
states of AB in the gas phase and also on surfaces [11, 12, 14, 134, 143]. dI/dV
spectra of pristine and switched TPAPA measured at characteristic positions
(Fig. 3.5), however, reveal merely minor differences between the switched and
pristine states. Second, our DFT calculations revealed a number of stable cis
states (three shown in the Supplementary Information A.1.3, Fig. A.5) all of
which involve significant geometrical and electronic changes compared to the
trans state. As detailed below, none of these changes are consistent with our
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Figure 3.4: After placing the tip over the center of a TPAPA molecule, the current
feedback was disabled and time series of the current were measured at selected sample
voltages. Abrupt current fluctuations occured. The example shown was recorded at
V = 1.5 V and reveals four distinct current levels indicated by dashed lines. The lowest
level is observed on all-trans TPAPA. Increasing levels reflect 1, 2, and 3 switched
azobenzene subunits.
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Figure 3.5: Differential conductance (dI/dV ) spectra acquired above the inner
and outer phenyl rings and the azo bridge of an AB subunit of TPAPA. Data was
recorded from a pristine all-trans molecules and a switched isomer. Current feedback
was opened at V = −0.1 V and I = 500 pA. The spectra are vertically offset by 0, 2, 4
nS for clarity. The data indicate positive and negative ion resonances that vary little
between the isomers.
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Figure 3.6: (a) Constant-current topograph (1 V, 100 pA). Molecules labeled 0 to
III exhibit zero, one, two, and three switched AB subunits. (b) AFM frequency shift
data from the same area measured at constant tip height. (Amplitude of cantilever
oscillation 1 Å.) The positions of the outer rings are marked with dashed circles. While
a significant frequency shift is found above inner pheny rings the outer rings and the
azo bridge cause hardly any contrast. (c) Current map recorded at constant tip height
from the same area.

experimental data, which suggests a much more subtle structural and electronic
change upon switching.
Figure 3.6 (a) shows a constant-current STM image of molecules with varying
numbers of switched AB subunits. Since constant-current STM images may be
affected by electronic effects we performed additional measurements combining
STM and non-contact AFM at sub-molecular resolution. Figures 3.6 (b) and (c)
display AFM frequency shift data and a current map measured at constant tip
height above the substrate. In the stable cis conformations identified via DFT
(see Supplementary Information A.1.3), the outer phenyl rings are either strongly
laterally displaced or switched to a tilted or almost vertical arrangement on the
surface. These geometries are incompatible with the low contrast of the outer
phenyl rings in the AFM data of Fig. 3.6 (b). Rather, these data indicate that
the inner rings protrude farthest from the surface whereas the outer ones appear
to lie rather flat. Based on the current map of Fig. 3.6 (c), where the outer rings,
the inner rings, and the central amino linker form a straight line, this scenario
can be excluded.
Another possible switching mechanism is a lateral shift of an outer phenyl ring.
The outer phenyl rings can be either situated to the left or to the right of the plane
defined by the azobenzene molecular axis and the surface normal. This reflects a
handedness (denoted S and R, respectively) of the adsorbed AB subunits. DFT
calculations yield metastable surface geometries for R and S conformers of an AB
subunit of TPAPA. When the inner phenyl rings are twisted anticlockwise, the S
configuration is minimally more stable. This higher stability is associated with a
change in height of almost 0.6 Å of the N atom in the azo-bridge which is bound
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to the inner phenyl ring. The corresponding isomerization reaction requires a
torsional motion of the nitrogen atoms in the azo-bridge. We propose that this
rearrangement involves a twisting motion of the central Nitrogen atoms around
each other coupled with a lateral shift of the outer phenyl ring rather than a
rotation that lifts the outer phenyl ring out of the surface plane. The calculated
energy barrier height for this process is 0.47 eV. This value is consistent with the
experiments where significant switching rates were observed at bias voltages of
0.8 V and above.
An out-of-plane rotation of a single phenyl ring has been reported from 3,3’dicyanobenzene (di-meta-cyanobenzene, DMC) on Au(111) [134]. We do not
favor this mechanism in the present case of TPAPA on Ag(111). According to
our DFT+vdWsurf calculations it exhibits a significantly higher barrier due to the
additional energy penalty of loosing the dispersion interactions between phenyl
ring and surface.
The localized change in apparent height and tunneling conductance as observed in the STM can therefore be understood as a conformational switching
from an S to an R state and a corresponding uplifting of the central azo-bridge at
almost minimal lateral displacement of the phenyl groups. Much in accordance
with the measured dI/dV curves, this conformational switching occurs with minimal modification of the energetic position of the molecular orbitals with respect
to the Fermi level.

3.4

Conclusion

In summary, the three azobenzene units of the compound TPAPA on Ag(111) may
each reversibly be switched between two distinct states. Switching is triggered
by passing current through the center of a molecule or, to achieve selectivity,
through the azo bridges. The efficiency of the process is comparable to molecular
switching of AB derivatives that were decoupled from a Au substrate by spacer
groups [11, 14, 125]. However, the switching does not involve the trans and cis
isomers of AB that were predicted to lack of bistability on Ag(111). It rather
involves a lateral motion of a phenyl ring and a twisting motion of the azo bridges.
Thus the role of the Ag substrate is ambivalent. While it suppresses the original
bistability of azobenzene it creates a new switching function that is based on
surface-induced chirality.
Funding by the Deutsche Forschungsgemeinschaft through SFB 677 (K. Scheil, T. Gopakumar, J. Bahrenburg, F. Temps, and R. Berndt) and RE1509/16-2 (R. Maurer and
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Davran-Candan for support with initial electronic structure calculations. R. Maurer is
grateful for discussions with Alessandro de Vita.

30

Switching of an Azobenzene-Tripod Molecule on Ag(111)

4

Adatom Coadsorption with
Three-Dimensional Cyclophanes on
Ag(111)

31

32

4.1

Adatom Coadsorption with Three-Dimensional Cyclophanes

Introduction

The delicate balance among surface-adsorbate interactions leads to chemical properties of increasing complexity as new molecules on solid surfaces are explored [144–
146]. An important aspect of surface functionalization is the effect of the adsorbed
molecules on the surface structure of the substrate. Surprisingly profound modifications of the substrate may occur. For example, Cu-phthalocyanine induces
facetting of Ag(110) surfaces [147]. The rather inert C60 fullerene can drastically
affect the surfaces of coinage metals, which themselves are not very reactive. On
Au(110), Ag(100), Au(111) and Cu(111), C60 removes substrate atoms and thus
increases its coordination with metallic atoms [148–151]. Adsorbed molecules can
bind to metallic atoms thus creating complexes. For example, thiols have been
shown to be able to bind Au adatoms at gold substrates [152, 153]. Another
example are the metal organic networks induced by surface adatoms [154–162].
Such effects are not limited to molecules with reactive end groups such as thiols.
For example, ethylidyne (C2 H3 ) is capable of producing a significant reconstruction of the Ru (0001) substrate [163], insulin alters the flat landscape of gold
terraces [164], which also does pentacene [165].
The above examples highlight the important role of metal adatoms in the creation of adsorbed molecular networks. These adatoms are naturally present on the
surface and minimize the system’s free energy by coordinating with the molecules
in a hierarchy of structures. Unfortunately, it can be very difficult to actually
detect the presence of the adatoms themselves. Careful analysis of the structures
is usually the only way to conclude on the presence of molecular-adatom interactions. Recent experiments [158] showed that the scanning tunneling microscope
(STM) can help to reveal the presence of metallic adatoms. In Ref. [158], an
adatom-related electronic state appeared in STM images recorded at elevated
bias voltages. However, large biases are often not suitable when working with
molecular structures because of the many undesirable processes that can be induced. Here, we show that changes of contrasts at a moderate bias can actually
be the sign of the presence of adatoms.
We designed two similar molecules with a double-decker structure. The lower
deck is the same in both molecules, and contains a naphthalene diimide (NDI)
phane that generally adsorbs on noble-metal surface via dispersion interactions,
and an upper deck, with either a stilbene or an azobenzene moiety. The two
subunits are linked via alkyl sulfide groups, creating a three-dimensional building
block. Due to this structure, the upper deck experiences little interaction with the
surface. This type of molecule thus limits the interaction with the substrate to one
of its subunits and is expected to preserve the functional properties of the other
subunit. Dialkyl sulfides only physisorb on Au while thiols chemisorb [166] and

33

4.2 Methods

consequently the sulfide functions are not expected to cause the main moleculesubstrate interaction. The molecules were adsorbed on a Ag(111) surface and
a striking bias-dependent change of STM images was observed. By performing
density functional theory (DFT) calculations and evaluating the adatom-induced
changes of Gibbs free energy, we concluded that two Ag adatoms are coadsorbed
between adjacent double decker molecules. These adatoms are responsible for the
unusual image contrasts.

4.2

Methods

Both NDI-cyclophanes have been obtained by high-dillution macrocyclization
conditions as displayed in Fig. 4.1. The precursor bis-N,N ’-(2-(methyldisulfanyl)ethyl)naphthalenediimide 1 was obtained by condensing naphthalene-tetra-carboxylic dianhydride with a fivefold excess of 2-(methyldisulfanyl)ethan-1-amine,
which was synthesized according to a reported procedure [167]. Reducing the
disulfides of 1 with tributylphosphine in a methanol/THF mixture provided the
bis-N,N ’-(2-mercaptoethyl)naphthalene-diimide 2, which was used as crude compound without separation from the tributylphosphine oxide. The stilbene and
the azobenzene subunits functionalized with terminal benzylic bromides 3 [168]
and 4 [169] have both been reported. For the high dilution cyclization reaction, a 500 µM solution of 2 and 3 in 1,3-dimethyl-2-imidazolidinone (DMI) was
treated with an excess of potassium carbonate (K2 CO3 ) and heated to 60◦ C for
17 h. The desired NDI-stilbenophane was isolated by column chromatography
(CC) and subsequent gel permeation chromatography (GPC) as an orange solid
in 9 % yield. Applying a similar strategy, a 332 µM solution of 2 and 3 in N,N dimethylformamide (DMF) was prepared, treated with an excess of K2 CO3 , and
heated to 75◦ C for 16 h. Again, isolation by CC and GPC provided the NDI-azobenzenophane as a yellow solid in 17 %. Both cyclophanes were fully characterized
by 1 H and 13 C NMR spectroscopy, high-resolution mass spectrometry, infrared
and UV/Vis spectrometry and melting points.
3
2 and 3 500 µmolar
in DMI @ 60°C
11 eq. K2CO3
17h, 9%

PBu3
CH3OH/THF
r.t., 2h
quant

1

NDI-stilbenophane

4
2

2 and 4 332 µmolar
in DMF @ 75°C
13 eq. K2CO3
16h, 17%
NDI-azobenzenophane

Figure 4.1: Syntheses of the two target structures NDI-stilbenophane and NDIazobenzenophane.
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The experiments were carried out with a combined scanning tunneling microscope (STM) and atomic force microscope (AFM) operated in ultrahigh vacuum at ≈ 5 K. Ag(111) surfaces were cleaned by alternating cycles of Ar+ ion
bombardment and annealing. Both types of NDI-cyclophane were degassed and
subsequently sublimated at ≈ 200◦ C in ultrahigh vacuum from a Ta crucible onto
the Ag(111) substrate, which was kept at ambient temperature. Submonolayer
coverages of ≈ 10 % were typically used. Tips were etched from W wire and prepared in-situ by repeatedly indenting them into the clean areas of the substrate.
To measure dI/dV spectra with a lock-in amplifier a sinusoidal modulation of
5 − 10 mVrms at 4 kHz was added to the sample voltage.
Ab initio calculations have been performed in the framework of density functional theory as implemented in the VASP code [170]. We have used the PBE
form of the generalized gradient approximation for the exchange and correlation
functional [140]. Dispersion interactions have been treated using the method by
Tkachenko and Scheffler [171]. The atomic position of the two topmost layers, the
adatoms, and the molecules were relaxed until forces were smaller than 0.02 eV/Å.
The STM images were simulated using isocontours of the electronic local density
of states [62, 172].

4.3

Results and Discussion

Figures 4.2 (a) and (b) show schemes of the molecules synthesized for this work,
NDI-stilbenophane ((E)-1((2,7)-benzo[lmn][3,8]phenanthroline-1,3,6,8-(2H,7H )tetraona)-6((4,4’)-1,2-diphenylethena)-4,8-dithiadecanodane) and NDI-azobenzenophane ((E)-1((2,7)-benzo[lmn][3,8]phenanthroline1,3,6,8-(2H,7H )-tetraona)6((4,4’)-1,2-diphenyldiazena)-4,8-dithiadecanodane) [173]. Their syntheses are
detailed in the Methods section. Densely packed islands of these molecules were
prepared by sublimation onto Ag(111) surfaces at ambient temperature. STM
data recorded at low temperature (5 K) reveal NDI-stilbenophane and NDI-azobenzenophane islands with similar electronic and geometric properties on the
Ag(111) surface. The molecules arrange in a nearly rectangular (86◦ ± 5◦ ) unit
cell, the long axis of which is aligned along a compact direction of the Ag(111)
substrate as can be seen in constant-current STM images in Fig. 4.2 (c,d). The
measured unit cell dimensions
√ of (1.8 ± 0.2) nm and (1.0 ± 0.2 nm) are compatible
with a commensurate (6 × 2 3)R30◦ molecular lattice on the Ag (111) substrate.
STM topographs recorded at sample voltage V exceeding ≈ 0.6 V exhibit
rows of oval protrusions (Fig. 4.2 (c,d)). At first glance, these predominant features seem to correspond to the bulky NDI-stilbenophane and NDI-azobenzenophane molecules. However, the appearance of the islands in topographs critically
depends on V . For V below ≈ 0.4 V the topographs reveal features of submolecular dimensions (Fig. 4.2 (e,f)). Cross-sectional profiles of the NDI-stilbenophane
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Figure 4.2: Lewis structures of (a) NDI-stilbenophane and (b) NDI-azobenzenophane. Constant-current topographs of (c, e) NDI-stilbenophane (I = 70 pA) and (d,
f) NDI-azobenzenophane islands (I = 20 pA) on Ag(111) measured at characteristic
sample voltages indicated on the images. While the topographs are very similar for
NDI-stilbenophane and NDI-azobenzenophane, they vary drastically with the sample
voltage. Rectangles mark unit cells. Arrows indicate the compact directions of the
substrate, which are identical in all topographs. (g) Cross-sectional profiles along the
lines in (c) and (e). (h) Retraction ∆z of the tip with sample voltage V at constantcurrent. Black and gray lines show data from NDI-stilbenophane and NDI-azobenzenophane, respectively, measured above a corner of the unit cells.

36

Adatom Coadsorption with Three-Dimensional Cyclophanes

data show that the apparent height maxima at low bias fall onto minima at high
bias (Fig. 4.2 (g)). The same effect occurs for NDI-azobenzenophane (not shown).
Moreover, a drastic change in apparent height by approximately 0.2 nm occurs as
the bias is increased from 0.5 to 1.5 V. Figure 4.2 (h) shows this effect in more
detail. The retraction ∆z of the tip was measured as a function of V in constantcurrent mode. The abrupt rise of ∆z signals that an additional state is accessible
for tunneling as V increases beyond ≈ 0.6 V. Below that voltage, the molecules
contribute little to the tunneling current despite their significant dimensions.
Changes of intralayer corrugation with bias have been reported in different
situations [174, 175]. For single molecules, a corrugation change with bias was
reported that disappeared when molecules dimerized [174]. This is clearly not
the case here, where the corrugation change happens for the high-coverage case.
Another case was due to picking-up oxygen atoms by the STM tip [175]. In our
case, the tips are metallic and no change of the tip composition was detected.
Moreover, all changes were reversible and exhibited no hysteresis with respect to
changes of V . The above facts raise two intriguing questions: (i) Where are the
molecules in these images? (ii) What is the origin of the change of contrast?
To address the first question, Fig. 4.3 (a–d) show the voltage-dependent patterns in more detail. Oval protrusions dominate the topographs at elevated voltage, but are absent at lower voltage in favor of submolecular features. We suggest
that the low-bias structures reflect the position of the molecules whereas the oval
observed at higher V is located between the molecules. This counterintuitive
interpretation was initially motivated by the image contrast at occasional defects
in the islands. Figure 4.3 (e) shows a typical example with the defect appearing
as a hole (dashed ellipse). This one and all other hole-type defects were found
at equivalent positions in the molecular pattern, where they replace topographic
maxima of the low-bias pattern.
Non-contact atomic force microscopy (AFM) further corroborates this assignment. Figure 4.3 (f) shows AFM frequency-shift data measured at constant tip
height above the same area as in Fig. 4.3 (e). Pairs of well-defined dots with a
negative frequency shift are observed on a submolecular scale. These features
occur at the positions of the low-bias maximum in constant current topographs.
At the defect (dashed), no significant frequency shift is observed. In addition, the
distance between the dots matches the separation of the phenyl rings of stilbene
as indicated by the overlaid sketch.
The above observations lead to the conclusion that the low-bias protrusions mark the position of the molecules. Comparison with previous experiments [32, 176] of a molecule comprising two identical NDI subunits shows constant current images distinctly different from the present ones; see the Supplementary Information A.2. With respect to present cases of NDI-stilbenophane
and NDI-azobenzenophane, this additional piece of information shows that the
NDI subunit is indeed adsorbed to the substrate rather than facing the STM tip.
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Figure 4.3: (a, b) Constant-current topographs of an NDI-stilbenophane island
recorded at (a) V = 0.2 V, I = 30 pA and (b) V = 0.7 V, I = 109 pA. Models of the
calculated molecular structure are overlaid. (c, d) Topographs of an NDI-azobenzenophane island measured at (c) V = 0.2 V, I = 59 pA and (d) V = 0.6 V, I = 57 pA.
(e) Topograph of an NDI-stilbenophane island with a defect indicated by a dashed
ellipse. V = 0.1 V, I = 30 pA. (f) AFM frequency shift measured at constant height
over the same area as (e) with an oscillation amplitude of A = 0.11 nm. From the
initial tip–sample distance defined by the set point V = 100 mV and I = 30 pA, the
tip was brought closer to the sample by 80 pm. Phenyl rings cause circular areas of
more negative frequency shift. A minor shift is observed from the defect area. (g)
Side view of the optimized geometry of NDI-stilbenophane with the NDI platform
toward Ag(111). (h, i) Simulated topographs of NDI-stilbenophane at low and high
bias without adatoms. (j) Top view of the optimized geometry of NDI-stilbenophane
layer intercalated with two adatoms per molecules. (k, l) Like (h) and (i) but with
adatoms between adjacent molecules.

To confirm this interpretation and to conclude on the origin of the bias-dependent
contrast, density functional theory (DFT) calculations were performed (see Methods Section 4.2 and Supplementary Information A.2).
We obtained the optimized molecular-surface geometry displayed in
Fig. 4.3 (g). The NDI subunit binds to the surface mainly via dispersion interactions with some dative contribution from local interactions [177]. Indeed, among
the many possibilities to orient the molecule on the surface, an alignment along
the high-symmetry direction is preferred due to a minimization of the four O–Ag
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separations. Figure 4.3 (g) also shows that the O atoms are slightly bent out of
the NDI plane to approach the Ag surface.
This configuration is further validated by comparison with the experimental
STM images. We approximate the constant-current images by isocontours of
local density of states (LDOS) at finite energies [62, 172]. Our simulated images compare well with the experimental ones at low bias (below 0.4 V) when
the conformation depicted in Fig. 4.3 (g) is used. However, as the LDOS are
plotted at larger bias (i.e., energy from the Fermi level), the agreement deteriorates (Fig. 4.3 (i)). Moreover, the change in corrugation from the molecules to
the interstitial region at ≈ 0.6 V is not reproduced.
Careful examination of the experimental images (Fig. 4.3 (a–d)) shows some
structure between the molecules whose apparent height increases as V is ramped
up. This may suggest the presence of adatoms between the molecules.
Our total energy calculations predict that adatoms stably coexist with the
molecular layer. We performed a thermodynamic study of the Gibbs free energy
as a function of the chemical potential of metallic atoms. To that end, we assumed
that Ag adatoms can exist on some part of the surface and that they are in equilibrium with the molecular layer. Hence, the adatoms will enter the molecular layer
for chemical potentials comparable to that of the adatom. We considered three
distinct phases: (i) the molecular layer corresponding to no adatoms, (ii) the
molecular layer with one adatom between the two S atoms of adjacent molecules,
(iii) a second adatom, close to the previous one (see Fig. 4.3 (j)).
Figure 4.4 shows the resulting phase diagram. For a large set of chemical
potentials around the adatom free energy, the Gibbs free energy of the system is
minimal for a phase with two adatoms. In other words, our calculations predict
that the phase with two adatoms is the most likely one to be found under the
experimental conditions. Adding a third adatom leads to considerable molecular
distortion, and hence, it is not favorable for a large range of chemical potentials.
Ag ions are known to form complexes with macrocyclic thio crown ethers [178–
180]. The present case of dialkyl-sulfides appears to be related. On a Ag(111)
substrate, the charges of the substrate and a Ag adatom are redistributed to
enhance the bonding of the adatom [181]. As a result, the adatom carries a
positive charge mimicking a Ag(I) ion. This scenario is different from the adatom–
thiol binding on gold surfaces [152, 153] where the thiol ending presents a radical
S atom due to the loss of the apical H atom from the molecule.
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Figure 4.4: Change in Gibbs free energy ∆G as a function of the change in the
Ag chemical potential ∆µ. Black and red lines correspond to the Gibbs free energy for
one and two adatoms coadsorbed with the molecular layer. Three regions, which are
separated by dashed lines, can be discerned in this graph: Zero adatoms are expected
where the change in Gibbs free energy becomes positive if adatoms are added, a oneadatom region where the change in free energy minimizes for one adatom, and the
two-adatom region where the free energy minimizes for two adatoms. If we assume
that the source of adatoms is single adatoms on the clean surface, the equilibrium
will be reached close to ∆µ ≈ −2.52 eV (blue arrow) as corresponds to the adsorption
energy of single adatoms. However, the chemical potential will shift to lower (absolute
value) energies as soon as the source of adatoms is instead edges of steps or islands.
Hence, the graph shows that the minimun free energy at the system’s chemical potential
corresponds to the two-adatom phase.

Our calculations thus lead us to conclude that the studied molecular layer is
a hybrid system comprising adatoms and molecules. The driving force for the
integration of adatoms is the affinity of the S-terminated edges of the molecule
for electrons that enables a directional, dative-like bond and the adatom–atom
interaction that facilitates the adsorption of the second adatom.
Finally, we address the peculiar voltage-dependent changes of contrast in
constant-current STM images. More detailed experimental information is available from spectra of the differential conductance dI/dV , Fig. 4.5 (a) and (b)
for NDI-stilbenophane and NDI-azobenzenophane, respectively. Spectra were
recorded on (orange) and between (black) molecules. Overall, the results from
both molecules are very similar. This is not naively expected because the calculated HOMO-LUMO gap for NDI-azobenzenophane is 340 meV wider compared to the gap of NDI-stilbenophane. This suggests that the predominant
contribution to the current is carried by a structural element that is common
to both molecules. The on-molecule spectra reproduce the main features of the
off-molecule data, namely, a sequence of equidistant peaks starting with a sharp
rise at 0.5 V. We attribute these features mainly to vibronic excitations [32]. The
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Figure 4.5: (a) dI/dV spectra of an NDI-stilbenophane molecule. Current feedback was opened at V = 1.5 V and I = 1 nA. Colored dots in the topograph shown
as an inset indicate the positions of measurement. (b) The same type of data as in
(a), measured on NDI-azobenzenophane with the feedback opened at V = 1.5 V and
I = 0.1 nA. Above the molecules (orange curves), a rapid rise of dI/dV the onset starts
near zero bias in agreement with the calculated energy of the LUMO. At interstial sites
(black curves), the rise occurs at larger voltages that match the adatom-induced states
displayed in (c). All spectra exhibit a series of approximately equidistant vibronic excitations, which are particularly clear at the interstitial sites. This signal is attributed to
the excitation of wagging CH2 modes. (c) Density of states projected on the indicated
molecular orbitals of NDI-stilbenophane (red and blue) and on two adatoms (black).

sharp rise is consistent with the rapid increase of apparent height at this voltage
(Fig. 4.2 (h)).
For further analysis, it is important to keep in mind that the area between
molecules appears ≈ 0.1 nm higher in constant-current images. On molecules,
the tip consequently has to be brought closer by this distance to obtain a comparable conductance. In other words, the amplitudes of all features observed on the
molecules are approximately 10 times smaller than those between molecules. The
fact that the molecular spectrum essentially reproduces the data from interstitial
positions may therefore simply reflect the strength and corresponding lateral extent of the latter signal. The only molecular feature that is not observed between
the molecules is a small peak at ≈ 0.3 eV.

4.4 Conclusion
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The experimental observations are only partially reproduced by our calculations. This is largely a consequence of using the LDOS instead of a proper
transport calculation to simulate the STM images. A direct comparison of the
calculated density of states reproduces some of the observed features; however,
transport effects, e.g., a weak electronic coupling of the upper subunit to the
substrate, are not included in the numerical LDOS. According to the calculated
projected density of states (PDOS), the LUMO is centered slightly above the
Fermi level (Fig. 4.5 (c), red), in good agreement with the molecular feature observed at 0.3 eV in the dI/dV data. The LUMO is localized to the lower subunit
of the molecule, which is consistent with its low conductance. By contrast, the
LUMO+1 (blue) is localized to the upper subunit. Its energy matches the dominant spectral features in Fig. 4.5 (a) and (b) well. By contrast, the pz states of
the adatoms (black), which also extend far into vacuum, are directly coupled to
the Ag(111) surface, and become the main conductance channel.
A simulated low-bias STM image of the structure with two Ag adatoms between the S atoms of adjacent molecules is shown in Fig. 4.3 (k). It reproduces
the observed features (Fig. 4.3 (a) and (c)) quite well. A comparison of the image calculated for elevated bias (Fig. 4.3 (l)) with the corresponding experimental
data (Fig. 4.3 (b) and (d)) is less favorable. Although features develop in the
interstitial region, they are much less dominant than in the experimental images. The contrast in the calculated images is mainly due to the LUMO+1. It
is localized to the upper molecular subunit and thus dominates the current in a
Tersoff–Hamann description of the tunneling current. The lack of coupling to the
substrate, however, is likely to drastically reduce its conductance.

4.4

Conclusion

In summary, adatom dimers are intercalated between NDI-stilbenophane and
NDI-azobenzenophanemolecules adsorbed on Ag(111). Two adatoms are compatible with the balance of free energies on the surface, whereas three adatoms
are unfavorable. The intermolecular location of these adatoms together with an
adatom induced electronic state leads to a fairly sharp onset at 0.5 V in dI/dV
spectra. At this voltage the corrugation maximum shifts from on top of the
molecules to an interstitial position. The enhanced apparent height of the interstitial area is due to the presence of these intermolecular adatoms and their
localized electronic state.
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5.1

Introduction

The scanning tunneling microscope (STM) and atomic force microscope (AFM)
have become powerful tools for the study of surface properties as well as manipulating structures on the atomic scale. Among various interactions between surface
atoms and the probing tip, electrostatic interactions are important in scanning
probe microscopy studies especially when charges are present. The role of electrostatic forces was demonstrated in the investigation of charged adatoms [83],
quantum dots [182], defects [86, 183], and molecules [21]. In ionic systems atomic
resolution is dominated by the electrostatic interaction between tip and surface
ions [184–187]. Alternatively, the influence of charges in a junction with metal
tip was accounted for in theoretical models [88, 89, 188–190]. Not only the ionic
species at surfaces but also the tip termination was found to strongly influence
the electrostatic interaction [85, 86]. Motivated by these findings it would be desirable to investigate the electrostatic interaction in a well defined junction with
an experimentally adjustable charge configuration at the surface and the tip.
We chose iron tetraphenylporphyrin chloride (FeTPPCl) for the present study
as it represents a model system composed of a platform (FeTPP) adsorbed on a
surface, exposing a charged ligand (Cl) on its top. As demonstrated previously
we can selectively transfer the charged ligand between the molecules and the tip
of an STM by applying a proper voltage which is accompanied by a change of
the molecule’s oxidation state [47]. Here a combined STM/AFM was used to
transfer the Cl ion from molecules to the tip and vice versa by performing force
spectroscopy i.e. by approaching the tip towards the molecule while measuring
the force. Thereby, four different well defined tip–molecule junctions were realized each offering a different charge configuration. Force spectroscopy data show
strong dependance of the force on the position and number of charged ligands in
the junction. The force is analyzed and compared with density functional theory
(DFT) calculations and an electrostatic model.

5.2

Experimental Details

The experiments were performed with a combined scanning tunneling microscope
(STM) and atomic force microscope (AFM) operated in ultra-high vacuum at
≈ 5 K. Au(111) surfaces were prepared by Ar+ ion bombardment and annealing.
Tips were etched from W wire and prepared in-situ by repeatedly indenting them
into the substrate. Therefore the tip apex was presumably coated with gold. Iron
tetraphenylporphyrin chloride (FeTPPCl) (Fig. 5.1 (a)) was degassed and subsequently sublimated at ≈ 350 ◦ C from a Ta crucible onto the Au(111) substrate,
which was kept at room temperature. Coverages of ≈ 10 % were achieved.
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Figure 5.1: (a) Structural formula of FeTPPCl. (b) Constant current topograph
(1.5 V, 26 pA) of a single FeTPP molecule and an island formed of FeTPP (I) and
FeTPPCl (II) molecules. Scaled models of FeTPP are overlaid.

5.3

Transfer of a Cl Ion with the Tip of an AFM

When adsorbed to the surface, the molecules arrange in islands with a rectangular
unit cell (90◦ ± 5◦ ) with the dimensions (1.4 ± 0.1) nm and (1.5 ± 0.1) nm. The
long axis of the unit cell enclose an angle of 20◦ ± 5◦ to a compact direction
of the Au(111) substrate. Within the islands a mixture of FeTPPCl and iron
tetraphenylporphyrin (FeTPP) occur (Fig. 5.1 (b)). The largest part of the islands
is composed of FeTPP molecules (shape I in Fig. 5.1 (b)). The presence of FeTPP
is due to a detachment of the Cl ligand occurring for parts of the porphyrin
molecules during the preparation procedure [47, 191, 192]. Nevertheless, about
one third of the molecules can be identified as FeTPPCl which appear as round
protrusions (shape II in Fig. 5.1 (b)).
The sequence of constant current topographs shown in Fig. 5.2 (a–c) demonstrates the Cl ion removal and a subsequent redeposition to another molecule.
After Fig. 5.2 (a) was acquired, the Au-tip was positioned at the center of FeTPPCl molecule A (dashed circle). The sample bias was lowered to a few millivolts
and the oscillating tip was moved towards the molecule while the frequency shift
and current were measured. A jump in the current and frequency shift suggested a change in the tip–molecule configuration. The detachment of the Cl
ligand from the porphyrin was verified by a new STM topograph of the same
area (Fig. 5.2 (b)). The molecule A now appears as the other FeTPP molecules.
A slight change in contrast of the STM topograph and a tip retraction of 1 Å suggests the adsorption of the Cl ion at the tip. The procedure was then repeated
with the Cl-decorated tip at the center of the FeTPP molecule B (solid circle).
The appearance of a protrusion (Fig. 5.2 (c) position B) shows the redeposition
of the Cl ion from the tip to a FeTPP molecule. The successful redeposition
of the Cl ion to a molecule is further confirmed by restored contrast and a z
displacement of the tip towards the surface by ≈ 1 Å.
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Figure 5.2: (a – c) Series of constant current topographs (1.5 V, 15 pA) of an
FeTPP/FeTPPCl island. (a) The dashed circle labeled A indicates a FeTPPCl
molecule. The tip was positioned at its center and the procedure to transfer the Cl
ligand to the tip was performed. (b) Subsequently measured topograph of the same
area. The dashed circle indicates the same molecule which has changed its appearance
to a FeTPP molecule. The image contrast is slightly different compared to (a) which is
attributed to the change of the tip apex which went along with the Cl ion transfer. To
transfer the Cl ion from the tip to a molecule, the tip was positioned over the molecule
marked by a full circle. The tip–molecule distance was progressively decreased and
a jump in the current signal occurred. (c) The Cl ion was deposited to the marked
molecule which therefore appears as a protrusion. (d) Averaged conductance (oscillation amplitude A = 1.4 Å) as a function of the piezo displacement measured with the
Cl ion located at the molecule (black, V = 5 mV) and at the tip (orange, V = −5 mV).
The orange curve is shifted such that, at the same piezo displacement, the gold part of
the Cl-terminated tip is at the same height over the substrate as that for the Au-tip.
Sketches in matching colors illustrate the tunneling junction. Configuration ∆z = 0 Å is
defined by the STM set point V = 250 mV and I = 15 pA with a Au-tip over FeTPPCl.
(e) Conductance measured during three Cl ion transfers (jumps indicated by arrows) at
a sample voltage of V = 30 mV. (f) and (g) Frequency shift measured simultaneously
to (d) and (e), respectively.
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Figure 5.2 (d) shows the conductance measured as a function of the piezo
displacement during force spectroscopy with a Cl ion in the tunneling junction
either adsorbed at a molecule (Clmol , black curve) or at the tip (Cltip , orange
curve). Both configurations are illustrated by sketches in matching colors.
The conductance data differ depending on whether the Cl ion is located at the
tip or the molecule. In both cases the conductance curves decay exponentially
in the tunneling regime (for ∆z close to 0) with increasing distance but the
amplitudes differ. For the Cl ion on the molecule (black curve in Fig. 5.2 (d))
a deviation from the exponential dependence was observed at ∆z ≈ −1.6 Å. A
second jump in the conductance occurred at ∆z ≈ −2 Å. These conductance
jumps presumably originate from a displacement of the Clmol ion, when the tip
gets close to the molecule. The detailed description of the mechanism is out
of the scope of the present study. For the Cl-terminated tip (orange curve in
Fig. 5.2 (d)) the conductance increases exponentially during tip approach almost
over the entire investigated piezo displacement range. Indeed, a deviation starts
to be visible only at ∆z ≈ −2.4 Å. Furthermore, the deviation is smoother than
that observed for the case of the Cl ion at the molecule. The comparison of the
two cases suggests that the presence of a Cl ion at the tip lowers the attractive
force between the tip and the molecule (see discussion below) as it leads to less
abrupt changes in the conductance over distance curves (Fig. 5.2 (d)).
For the following discussion it is important to keep in mind that the conductance versus piezo displacement curves are specific to the considered systems
configuration (Cl ion at the tip or at the molecule). These curves are highly
reproducible. Nevertheless, occasionally measurements lead to curves depicted
in Fig. 5.2 (e). The Cl ion was initially attached to the molecule. During the
approach (black), the conductance curve exhibits two sharp jumps for piezo displacements of ∆z = −2.2 Å and ∆z = −2.6 Å. In the retraction curve (gray),
one jump is observed in the conductance for ∆z = −2.1 Å. Interestingly, the
jumps are from a conductance characteristic of one configuration (e.g. Cl ion
at the molecule) to a conductance characteristic of the other configuration (e.g.
Cl ion at the tip). These jumps therefore indicate transfer events where the Cl
ion switches from the molecule to the tip and vice versa. The Cl ion was at the
molecule (tip) before (after) the measurement presented in Fig. 5.2 (e) as verified by STM topographs before and after the curves were recorded. During the
conductance measurement a voltage of 30 mV was applied to the sample. The
transfers from/to the tip are therefore observed at the same sample bias polarity. In a previous report by Gopakumar et al. [47] Cl ion transfers occurred at
sample voltages above ≈ 0.85 V and the transfer direction was found to be bias
polarity dependent. A comparison of the present study with the one performed
by Gopakumar et al. is discussed later in the text.
In the present study, the frequency shift (linked to the vertical force) was
simultaneously measured as it provides further information. The position of the
Cl ion in the junction has a large influence on the measured frequency shift.
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Figure 5.2 (f) shows the frequency shift measured simultaneously to (d). The
minimum of the curves develop at the same Au-tip height above the substrate.
When the Cl ion is located at the molecule (black curve) the minimum shows
a more negative frequency shift of ≈ 15 Hz and a steeper shape compared to
the curve measured with the Cl ion attached to the tip (orange curve). A Cl
ion transfer involves a jump between the two curve types as it can be seen in
Fig. 5.2 (g) which was measured simultaneous to (e).

5.4

Characterization of the Cl-Terminated Tip

Since the interaction between the tip and the sample strongly depends on the
Cl ion position in the junction, the short range forces of a Cl-terminated tip
are considered first without the molecule. To remove the long-range forces, the
often employed ’on-minus-off’ method was used [91, 92]. The method consists
of performing force measurements over two surface areas. One area is above the
atom or molecule of interest. The other area is similar to the first one except for
the absence of the atom or molecule. Since the substrate and the macroscopic
part of the tip are the same in both cases a subtraction of both curves provides
the short-range forces.
In order to retrieve the short-range electrostatic properties of the Cltip ion,
curves with and without a Cl-termination were measured on pristine Au(111)
substrate and subtracted. The resulting force (extracted from ∆f versus ∆z
measurements following Ref. [75]) is shown in Fig. 5.3 (a) as a function of the tip
height z. We used a spring constant of 1800 N/m, as found in previous investigations for the qPlus-sensor [98, 100] and take into account an uncertainty of the
force of 30 %. This uncertainty does not affect the comparison of force curves discussed later. The tip height z is defined as the center-to-center distance between
the samples outermost atomic layer and the Au-tip apex atom (Fig. 5.3 (c)).
The relative variation of the height z is given by the piezo displacement. The
absolute calibration is inferred from contact measurements of Au-tips over the
gold substrate. The contact is assumed to occur at a height of (2.88 ± 0.3) Å,
corresponding to the distance between nearest neighbors in a Au crystal and the
uncertainty of the contact determination.
The force characteristic of the Cl-terminated tip can be described by a point
charge q in front of a conducting plate. In this scenario the force Fimg on q follows
Coulomb’s law with an image charge q 0 = −q in the conductor:

Fimg =

1 qq 0
,
4π0 d2

(5.1)
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Figure 5.3: (a, b) Extracted force contribution of a Cl ion attached to the tip
(black) as a function of (a) the height z of the gold part of the tip and (b) d−2 where d
is twice the distance of the Cl ion to an electrostatic image plane depicted in (c). The
red curves show the calculated force Fimg (Eq. 5.1) due to a point charge of q = 0.32 e
positioned 2.3 Å underneath the tip. (c) Sketch of the Cl ion point charge q and its
image q 0 in the tip–surface junction. zimg = 1.0 Å (from fit) above the outer most
atomic layer, r = 2.3 Å (from DFT optimizations).

where d is the distance between q and q 0 or twice the distance of q towards the
image plane (Fig. 5.3 (c)). The Cl ion is assumed to be at a distance of r = 2.3 Å
under the last tip atom (from DFT calculations). Figure 5.3 (b) shows the linear
curve progression of the measured short range force as a function d−2 for an
electrostatic image plane located at zimg = (1.0 ± 0.3) Å outside of the outermost
atomic layer (Fig. 5.3 (c)) in agreement with Refs. [193, 194].
A charge of (0.32 ± 0.05) e is extracted from the slope. The charge uncertainty
results from the uncertainty in force. A negative sign of the charge is assumed
due to the high electronegativity of the Cl ion. The value is remarkably close to
the charge obtained from a Bader charge analysis of a Cl-terminated gold tip of
−0.29 e. The agreement between the measured force and the linear dependence
of the force from the image charge model with d−2 is remarkable. It suggests
that the simplified model considered here is enough to describe the physics of the
system.1

5.5

Influence of the Cl Ion on the Tip–Molecule
Force

With the reliable definition of the tip apex atom, i.e. a Cl- or Au-terminated tip,
we consider FeTPP and FeTPPCl in the junction. The presence of two different molecules enables us to investigate four different tip–molecule configurations
1

The force due to the interaction of the metal tips dipole with its image in the surface
appears to be negligible. We estimated it to be at least a factor of 10 smaller in the region of
interest than the force due to the Cl ion point charge for reasonable tip dipoles of 1 to 3 D [195].
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which differ in the number and position of charged Cl atoms. The resulting vertical short-range forces are shown in Fig. 5.4 (a) as a function of the Au-tip height
z. Sketches in matching colors indicate the tip–molecule configurations.
The tip height at which the maximal attractive force occurs is linked to the
number of Cl ions in the tip–molecule junction. They change the effective distance
from the molecule to the tip apex at a given height z. Without a Cl ion in the
junction the effective tip–molecule distance is the largest of all four configurations.
For this case, the maximal attraction occurs at the smallest tip height of the four
curves (gray curve in Fig. 5.4 (a)). Unfortunately, for this specific configuration
the force could not be measured to and beyond the maximal attraction since
FeTPP was easily picked up by a Au-tip. Therefore the exact position of the
maximal attraction is unknown.
When one Cl ion is located in a tip–molecule junction, either adsorbed at the
molecule or at the tip, the maximal attraction occurs at the same tip height.
The characteristics and magnitude of the force curves, however, differ drastically.
A Cl-terminated tip leads to a maximal attraction of 0.24 nN. For the Cl ion
located at the molecule the force is larger by a factor of ≈ 2.5 with 0.62 nN. In
addition, the curve exhibits a steep progression of 0.4 nN in an interval of 0.4 Å
(vertical lines in Fig. 5.4 (a)). When two Cl ions are located in the junction both
at the tip and at the molecule a maximal attractive force of 0.19 nN is measured.
The maximum of attraction develops at a ≈ 0.9 Å larger tip height compared to
the configurations with one Cl ion in the junction. The shape of the force curve
with two Cl ions in the junction differs significantly from the previously described
cases since it exhibits a shoulder of reduced attraction ≈ 0.9 Å apart from the
position of maximal attraction.

5.6

Density Functional Theory Calculations and
Electrostatic Model

Density functional theory (DFT) calculations were performed by Dr. Martin Ondráček to describe the experimental findings. Details can be found in the Supplement A.3. The resulting force curves are shown in Fig. 5.4 (b). The difference
in attraction for one Cl ion in the junction either at the molecule or at the tip is
qualitative reproduced (compare black and orange curve in Fig. 5.4 (a) and (b)).
However, the attraction is overestimated by a factor of two. Furthermore, the
calculated force for two Cl ions in the junction is, in contrast to the experiment,
purely repulsive. This might be caused by a restriction which was made in the
calculation. Indeed, to reduce the computational cost, the geometries of FeTPP
and FeTPPCl were first optimized at the surface in absence of a tip. The optimized geometries were then kept fixed and only Fe in the case of FeTPP and
the Cl ligand for FeTPPCl could relax during the approach of the tip. At the

51

5.6 DFT Calculations and Electrostatic Model

c

Experiment
Au-tip
FeTPP

-0.2

Cl-tip
FeTPP

-0.4

Au-tip
FeTPPCl

-0.6

Cl-tip
FeTPPCl

-0.4

Au-tip
FeTPPCl

-0.6
6

12

8

d

DFT

tip
R

+ +

1

e
R

q'Fe
q'Clmol

q'Fe
p
qCltip
qFe

q'Cl tip

p

z
zimg {

-1
6

8

10

12

Height z (Å)

+ +

Force (nN)

2

0

12

Height z (Å)

Height z (Å)

b

10

+

10

Cl-tip
FeTPP

+

8

-0.2

+

6

Calculation

0

+

0

Force (nN)

Force (nN)

a

qClmol
qFe

surface

z
zimg {

Figure 5.4: (a) Short-range force measured with the four tip–molecule configurations depicted by sketches in matching colors (V = 10 mV, A = 0.85 Å) as a function
of the tip height z. (b) Force extracted from DFT calculations. (c) Force calculated
with a point charge model for one Cl ion in the tip molecule junction. The dashed
curves contain the force components depicted by arrows in (d) and (e). For the solid
curves a Lennard-Jones potential was added ( = 4 · 10−21 J, rm = 2.1 Å for a Cl ion
at the tip, rm = 2.3 Å for a Cl ion at the molecule). (d, e) Model for one Cl ion in
the tip–molecule junction (R = 10 nm, p = 2 D, zimg = 1.0 Å) with the Cl ion at the
molecule (qF e = 0.65 e, qClmol = −0.56 e) and at the tip (qF e = 0.2 e, qCltip = −0.32 e).
Arrows indicate the electrostatic interactions that were taken in to account in (c).

pyramidal tip only the gold atom at the apex as well as the Cl termination were
allowed to move.
Motivated by the point charge behavior of the Cl ion at the tip apex, we
propose a simplified electrostatic model which reproduces the drastic difference
of the force depending on the Cl ion position in the junction (solid curves in
Fig. 5.4 (c) and sketches in Fig. 5.4 (d) and (e)). We modeled the tip–substrate
junction with a conducting sphere and a plane surface. Point charges were positioned vertically aligned in the junctions to represent the porphyrin and the Cl
ion. A Bader charge analysis of the adsorbed molecules [47] as well as dimensions
of DFT optimized geometries were taken into account for the values and positions
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of the point charges. FeTPPCl is represented by the averaged charge of the porphyrin base at the position of the Fe (qF e = 0.65 e, z = 3.5 Å) and the Clmol ions
(qClmol = −0.56 e, z = 5.6 Å). The FeTPP molecule is modeled by one positive
point charge (qF e = 0.2 e, z = 3 Å). For the Cl-terminated tip we considered the
experimentally determined negative point charge of qCltip = −0.32 e positioned
2.3 Å under the sphere.
Furthermore a point dipole p oriented towards the surface is considered as it
was shown that the tip apex of a metallic tip develops a small intrinsic dipole [84–
86, 196–198]. A dipole value of 2 D (Debye) provides a good agreement of the
total force with the experimental findings in accordance with Ref. [195].
Finally, both electrodes are assumed to be at the same potential in the model.
During the experiments a voltage in the range of −30 to 30 mV was typically
applied but variations of the voltage within this regime did not influence the
measured frequency shift signal and were estimated to affect the calculated forces
by less then 5 %.
The interactions indicated by arrows in Fig. 5.4 (d) and (e) are taken in to
account in order to calculate the vertical force acting on the tip. The force
between the Cltip ion and the molecule’s point charge follow Coulombs law (analog
to Eq. (5.1)). The interaction of the tip’s dipole with the molecular point charges
separated by the distance d results in a force [199]

Fp =

1 2qp
.
4π0 d3

(5.2)

When charges are located close to metals there is an image interaction due to
charges induced in the conducting surface. In the present configuration both
the tip and substrate were considered for the interaction with the introduced
point charges [88, 89]. Only the direct interaction of a point charge q with its
image charge q 0 located in the counter electrode was taken in to account. For
a point charge located at the tip, Fimg results as described in Eq. (5.1). The
molecular point charges q induce images q 0 = −qR/a in the spherical tip at the
distance b = R2 /a from the sphere’s center towards the real charge, where a is the
distance from the spheres center with radius R = 10 nm. With this expressions
we calculated the image force Fimg due to a spherical electrode.
The sum of the enumerated force components are displayed as dashed lines in
Fig. 5.4 (c). The tip is more attracted when the Cl ion is adsorbed at the molecule
(black) compared to an adsorption at the tip (orange), which fits the experimental
findings. This accordance suggest that electrostatic interaction plays a major role
for the development of the force. In addition to the electrostatic force components
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the force FLJ due to a Lennard-Jones potential VLJ between the closest tip and
molecule atom at distance r was modeled and added with
"

rm
rm 12
−2
VLJ (r) = 
r
r
∂VLJ (r)
FLJ (r) = −
.
∂r




6 #

and

(5.3)
(5.4)

The depth of the potential well is modeled with  = 4 · 10−21 J in agreement with
values found for Cl2 molecules [200]. The position of the potentials minimum
is rm = 2.1 Å (rm = 2.3 Å) for the Au-tip over FeTPPCl (Cl-tip over FeTPP)
extracted from the Cl bond length in DFT optimized geometries of the Cl-tip
(FeTPPCl).
The resulting total force curves are shown in Fig. 5.4 (c) (solid lines). A maximal attractive force of 0.29 nN for the Cl ion at the tip and 0.63 nN for the Cl
ligand at the molecule are obtained, which is in relatively good agreement with
the values found experimentally (deviation of 20 % and 3 %). However, the steep
slope found experimentally for a Au-tip over Clmol ions (black curve, indicated
by vertical lines in Fig. 5.4 (4)) is not reproduced by the model. The steep slope
might be due to a displacement of the Clmol ion towards the tip during the approach [195]. The movement of the Clmol ion during the approach is corroborated
by jumps in the conductance curves (compare black curve, indicated by vertical
lines in Fig. 5.2 (d)). In addition, the Cl anion might be polarised during the
tip approach [84]. Both effects may enhance the attractive interaction between
the molecule and the tip and are not included in the model. Despite the rough
approximation of the model, it nevertheless reproduces the experimental findings
surprisingly well (Fig. 5.4 (c)).
However, the model does not reproduce the experimental findings for the
configuration with two Cl ions (Fig. 5.5 (a)). The resulting total force (solid blue
line), inferred from the model, is solely repulsive in contrast to the experimental
findings (blue curve in Fig. 5.4 (a)). The force due to the Cl-Cl interaction (dashed
green) leads to a very strong repulsive component compared to the attractive
contributions (dashed blue). This raises the questions what causes the attraction
of the tip and the development of the shoulder found in the experimental data.
A similar observation of an additional force minimum was made for force
curves measured on platform mounted Zn-porphyrin molecules. It is explained
by a slight bending of the molecule from an upright orientation in the junction
under the influence of the tip [201, 202]. Furthermore, the CO functionalized tip
apex is known to bend under the influence of lateral forces [203, 204]. Therefore
a deformation of the Cl-terminated tip apex in the Cl-Cl configuration is likely.
The data recorded here shows no hysteresis during approach and retraction of the
tip.Thus an elastic deformation of the junction may occur. DFT optimizations
of the Cl-terminated tip over FeTPPCl indeed suggest a sidewards displacement
of the Cl ion at the tip during the approach as it can be seen in Fig. 5.5 (b).
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Actually, the vertical Cl-Cl force component is lowered drastically when the
Cltip ion performs a circular sidewards motion at small tip–sample separations
(solid green line in Fig. 5.5 (a)).
Starting from these observations, we introduce a extended model which qualitatively reproduces the occurrence of a shoulder in the force curve for a Clterminated tip over FeTPPCl surprisingly well (solid blue curve in Fig. 5.5 (c)).
The key point of the model is that the Cltip ion is allowed to rotate around the
last gold atom of the tip while working against a spring as it is shown in the
sketch in Fig. 5.5 (d). The energy Urot stored in this rotation is modeled by

Urot (θ) =

k1 θ2 k2 |θ|3
+
2
3

(5.5)

where θ is the angle of the rotation. The spring constants k1 = 463 meV rad−2
and k2 = 307 meV rad−3 are extracted from a fit to the change in energy ∆E
obtained by DFT calculations of the deflected Cltip ion (Fig. 5.5 (e)). The DFT
optimizations suggest only minor deflections of the Clmol ligand compared to Cltip ,
therefore its position was kept fixed in the model.
The energy due to the Coulomb interaction of the point charges at the tip
qCltip with the molecule qClmol and qF e is considered with the potential
"

#

qCltip
qF e
qClmol
+
,
UC (θ) =
4π0 dClmol (θ) dF e (θ)

(5.6)

where dClmol (dF e ) is the distance between the Cltip and Clmol (Fe) atoms. For
each tip height the total potential energy Utotal (θ) = Urot +UC was minimized as a
function of the deflection angle θ. The angle with minimal energy is denoted θmin .
With the resulting deflection angles θmin (z) (Fig. 5.5 (c), dashed gray curve) the
vertical components of the force contributions depicted by arrows in Fig. 5.5 (d)
were calculated. For a given tip height, the bending of the Cltip ion allows the
repulsive Cl-Cl force component (green) to decrease, which brings it to the same
order of magnitude as the attractive force components (dashed blue). In addition
a Lennard-Jones potential was included ( = 4 · 10−21 J and rm = 2.9 Å).
The force curve resulting from the model exhibits a shoulder at a tip height
of z ≈ 11 Å with a repulsion of ≈ 0.06 nN. In the experiment the shoulder occurs
at a tip height of z ≈ 10 Å and features an attraction of ≈ 0.06 nN. Even though
the model is simple the resulting force curve matches the experimental findings
surprisingly well. The main features in the shape of the curve are reproduced due
to the included sidewards movement of the Cltip ion.
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5.6 DFT Calculations and Electrostatic Model
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Figure 5.5: (a) Force components calculated for a Cl-terminated tip approaching
FeTPPCl. In the total force (blue) the attractive (dashed blue), repulsive Cl-Cl (dashed
green) and a Lennard-Jones potential describing Cl2 molecules was included ( = 4 ·
10−21 J, rm = 5.02 Å) [200]. A rotation of the Cltip ion in order to follow a Cl-Cl distance
of 2.9 Å at small tip–sample separations reduces the repulsive component (green). (b)
DFT optimized geometries of a Cl-terminated pyramid-shaped Au tip over FeTPPCl
with a straight and a bent Cltip ion (36.7◦ ) at a tip height of 13 Å and 3 Å closer.
(c) Calculated vertical force components and deflection angle for a free to rotate Cltip
ion during the approach to FeTPPCl in a spring model (d). The attractive (dashed
blue) and repulsive Cl-Cl (green) as well as a Lennard-Jones Potential ( = 4 · 10−21 J,
rm = 2.9 Å) is included in the total force (blue). (d) Sketch of the spring model.
Arrows indicate the force contributions that were taken in to account in (c) (R = 10 nm,
zimg = 1.0 Å, p = 2 D, qF e = 0.65 e, qClmol = −0.56 e, qCltip = −0.32 e). (e) Calculated
change of energy as a function of the Cltip ion deflection angle θ from its equilibrium
position and fit of Urot = k1 θ2 /2 + k2 |θ|3 /3.
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5.7

Estimation of the Force on the Cl Ligand
upon Transfer

The STM induced Cl ion transfer experiments performed by Gopakumar et al.
required a threshold voltage and the transfer direction was linked to the bias
polarity [47]. To bring this observation in line with our findings we estimated and
compared the electrostatic force components on the Clmol ligand upon transfer
for both experiments. The short range forces are estimated using the previously
trans
described model (FSR
). The Clmol ligand is further affected by the electric field
developing between the tip and the sample. This electric field originates from the
applied sample voltage V and the contact potential difference (VCP D ≈ −650 mV
with respect to the sample according to ∆f vs V measurements). In a platecapacitor model of the junction the force on the Clmol ligand is
FEtrans =

qClmol (VCP D + V )
,
ztrans − zimg

(5.7)

where ztrans is the tip–sample distance during the transfer. The total electrostatic
trans
force F trans considered for the transfer of a Cl ion is the sum of FSR
and FEtrans .
Upon Cl ion transfers from molecules to the tip, a total electrostatic force of
≈ 0.36–0.61 nN is inferred for the present study and a force of ≈ 0.4 nN for the
study of Gopakumar et al.
These similar forces suggest that the transfer mechanisms are similar. However the compositions of the total electrostatic forces are different due to different
tip heights and sample voltages in the experiments.2 Indeed, force components of
trans
≈ 0.28–0.56 nN and FEtrans ≈ 0.08 nN were extracted in the present study
FSR
trans
whereas FSR
≈ 0.15 nN and FEtrans ≈ 0.25 nN were inferred for the study of
Gopakumar et al. Yet, if we consider that the Cl ion transfer occurs when a force
threshold is exceeded, we have a common picture explaining the two experiments.
trans
In the present AFM study FSR
, reached by an adequate tip–sample distance,
is the relevant force component to induce the Cl ion transfer whereas a proper
voltage strength and polarity is needed in Ref. [47].

5.8

Conclusion

In conclusion, we used force spectroscopy to induce the transfer of Cl ions back
and forth between FeTPP molecules and the tip. With the Cl-functionalized
tip, force spectroscopy was successfully performed. We showed that electrostatic
interaction between the differently terminated tip and the sample plays a major
role for the characteristic of the measured forces. In addition, the data suggests
2

In the present study the tip was ≈ 1–2 Å closer during transfers and voltages of ±10 mV
were applied compared to ≈ −1.6 to −1.8 V in Ref. [47].

5.8 Conclusion
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the need of a minimal rupture force for the transfer of Cl ions. Additionally, it
would be interesting to retrieve dynamic aspect e.g., by approaching/retracting
the tip at different speeds or, at further tip–surface distance, to sweep the sample
voltage at different speed. In the future, similar transfer experiments via force
spectroscopy might be applied to other systems.
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6

Summary and Outlook
In this thesis, three molecular systems on noble metal surfaces were investigated
by means of combined low-temperature STM and AFM. The studies focus on
switching, structural and electronic properties as well as forces in the molecular junctions. The outcome of these investigations contribute to a better understanding of atomic-scale processes in molecular systems on metallic surfaces.
Such fundamental understanding is essential for chemical design of molecules with
improved functionality.
In the first experiment, presented in Chapter 3, azobenzene based tris-[4(phenylazo)-phenyl]-amine (TPAPA) molecules were found to be efficient switches
on Ag(111). It was demonstrated that each of its three azobenzene subunits
can be switched reversibly between two states by passing current through the
molecule’s center and even selectively by addressing the azo bridges. The adsorption geometry and electronic structure of the TPAPA isomers were investigated.
STM topographs, constant height frequency shift maps, STS along with DFT
calculations evidence that the switching process is no trans–cis isomerisation
but rather a reorientation of the N–N bond of an azobenzene unit. It proceeds
through a twisting motion of the azo bridge that leads to a lateral shift of a
phenyl ring. This study shows the influence of molecule–substrate interaction on
the molecule’s functionality. The Ag substrate suppresses the original bistability of the azobenzene subunits but creates a new one based on surface-induced
chirality. The role of the substrate on the switching behavior of TPAPA could
be further investigated in future experiments by choosing more and less reactive
surfaces than Ag(111) such as Cu(111) and Au(111).
59
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In a second experiment (Chapter 4), two cyclophane molecules with a
three-dimensional double-decker structure were investigated on Ag(111). Both
molecules are designed to adsorb on the surface via a naphthalene diimide (NDI)
platform and exhibit either a stilbene or an azobenzene moiety. Combined STM,
AFM and DFT calculations yield complementary information from which the
structure of self-assembled islands is deduced. STM topographs exhibit a drastic
change in corrugation with the sample voltages similar for both types of molecules.
Submolecular features, visible at low bias, reflect the molecule’s position as inferred from investigations of occasional hole-type defects in the molecular pattern.
Oval protrusions, dominating the topographs at elevated voltages, originate from
coadsorbed Ag adatoms at interstitial positions. The study shows that the NDIcyclophane double-decker structure can be employed to lift a functional unit from
the substrate. This result motivates the investigation of further NDI-cyclophane
molecules with varied functional moieties in order to achieve functionalized surfaces. Beside that, in future experiments the influence of intermolecular adatoms
on the molecule’s self-assembly and switching capability could be investigated.
For that purpose, the hybrid network could be altered by changing the adatoms
which connect the molecules either by choosing other surfaces or by depositing
other atomic species onto the sample during the preparation process.
In a third experiment, presented in Chapter 5, iron tetraphenylporphyrin
chloride (FeTPPCl) on Au(111) is used as a model system to investigate the electrostatic interaction in a well defined junction with an experimentally adjustable
charge configuration at the surface and the tip. Four different tip–molecule junctions are realized by transferring the Cl ligand between FeTPPCl molecules and
the tip of an AFM. The shape of force versus distance curves crucially depends
on the position and number of charged ligands in the junction. In particular, the
insertion of two charged ligands leads to an unusual non-monotonic force curve
shape due to a tilting of the Cl ion at the tip. The force curves are reproduced by
a model considering point charges in the tip–sample junction. From the model,
we infer that the relevant forces arise mainly from electrostatic interactions. Finally, the analysis of several ligand transfer events suggests that the Cl ion is
transferred to the tip by application of adequate electrostatic forces. In future
experiments force spectroscopy in combination with a systematic change of the
junction could be extended to other metalloporphyrin molecules. Beside changing
the metal center also other ligands such as other halogens could be used to vary
the charge composition in the junction. Porphyrin molecules with diatomic or
other small ligands could also be utilized to investigate bond breaking and bond
forming using force spectroscopy.
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Supplementary Information
A.1
A.1.1

Switching of an Azobenzene-Tripod
Molecule on Ag(111)
Current Dependency of Switching Rate

Switching of the azobenzene (AB) subunits can be induced by passing current
through the center of TPAPA molecules. Therefore, first the tip was positioned
at the center of a molecule. Then current and voltage setpoints were chosen and
the feedback loop was enabled. Time series of the current were acquired over a
period of 5 min. The recorded series show abrupt current fluctuations between
four levels (see Fig. 3.4 in Chapter 3) which correspond to the pristine molecule
and the states with 1 to 3 switched AB subunits. Resulting switching rates are
shown in Figs. A.1 (a) and (b) for several voltages as a function of the current
setpoint.
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Figure A.1: Switching rate vs. tunneling current recorded over the center of TPAPA
molecules with current feedback enabled. (a) At positive sample voltages exceeding
1.2 V the switching rate approximately follows a power law ∼ I 2 (indicated by a line).
(b) Switching also occurs at negative bias polarity (V = −1.9 and −2 V) with a similar
power law. For low voltages no fitting has been attempted because of low numbers of
switching events. However, apparently the rate varies more steeply with the current.

A.1.2

Lateral Shift of Phenyl within Islands

Switching the AB units results in a lateral shift of the topographic maxima due
to the outer phenyl rings. At the island edges the shift is ≈ 1.5 Å. Inside islands,
it is smaller as shown in Fig. A.2. Figures A.2 (a) and (b) show constant-current
topographs of a molecule in an island before and after switching (dashed ovals).
A difference image is displayed in Fig. A.2 (c) along with a model of the switched
molecule. The lateral shift of the maximum related outer phenyl ring is only
≈ 1.0 Å.
At first glance, the different shifts of maxima seem to indicate different lateral
motions of the phenyl rings. However, a more detailed analysis has to take into
account the contribution of neighboring molecules to the tunneling current and, as
a consequence, to the apparent heights in the topograph. To estimate this effect
Figs. A.2 (d–f) from an island edge are used. Switching the molecule that has been
overlaid with a white model in Fig. A.2 (e) leads to the state shown in Fig. A.2 (f).
The orange models in e and f indicate where an additional molecule would be
located if the image was taken within an island. The topographic contribution
of such a molecule is estimated from Fig. A.2 (d), which shows a molecule in
the proper orientation (orange model overlaid). Figure A.2 (g) presents crosssectional profiles taken along the colored arrows in Figs. A.2 (d–f). The blue
and red profiles show a shift of ≈ 1.5 Å. The orange one displays the expected
background. Figure A.2 (h) is obtained by adding the background profile to the

63

A.1 Switching of an Azobenzene-Tripod Molecule on Ag(111)

red and blue data sets. As a result, the distance between the relevant maxima
is reduced to ≈ 1.5 Å, which matches the result obtained from molecules within
islands. In other words, the experimental data do not indicate different switching
characteristics at edges compared to island centers.
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Figure A.2: (a, b) Constant current topographs (50 mV, 100 pA) of a TPAPA
island. The molecule marked by dashed oval is switched. (c) Difference image obtained
by subtracting image (a) from (b). A model of the switched molecule is overlaid. (d –
f) Constant current topographs (20 mV, 100 pA) of molecules at island edges. Colored
lines mark the positions where cross-sectional profiles were made. Models indicate the
positions of molecules according to the packing within islands. (g) Profiles across the
outer phenyl ring of an AB unit in the unswitched (blue) and switched (red) states.
The orange profile was measured where an outer phenyl ring of a neighboring molecule
would be located. (h) Profiles across the unswitched (blue) and switched (red) phenyl
ring with background profile (orange in (g)) added.
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Supplementary Information

Dispersion-corrected Density Functional Theory
Calculations

Computational Details
Calculations were performed using the pseudopotential plane-wave code
CASTEP 6.0.1 [142] with standard library ultrasoft pseudopotentials. We employ
the exchange-correlation functional by Perdew, Burke and Ernzerhof [140] and
the dispersion-correction scheme of Ruiz et al. (PBE+vdWsurf ) [116, 141].
Gas-phase geometries of TPAPA have been modeled in a rectangular (40 Å x
40 Å x 40 Å) supercell. For the adsorbed molecule a (6 x 6) surface unit cell containing four layers of Ag atoms with the optimal PBE lattice constant of 4.14 Å
was used with a vacuum region that exceeds 20 Å. The corresponding lattice
constants (a = b = c = 1.76 nm, α = β = 60◦ ) of this unit cell are close to the
incommensurate surface unit cell found in experiment (a = 1.8 nm, b = 1.6 nm,
c = 1.7 nm, α = 60◦ , β = 65◦ ). During all structure optimizations the Ag
substrate was kept frozen in its bulk truncated structure.
A plane-wave cut-off value of 450 eV was employed in the surface calculations
together with a Monkhorst-Pack 2 x 2 x 1 k-point grid, respectively. Geometry
optimizations have been performed with a maximal force criterion of 25 meV/Å.
Transition barriers have been calculated using the Nudged Elastic Band (NEB)
method [205] using a maximum force tolerance of 50 meV/Å.
Molecular orbital projected density-of-states (MOpDOS) plots were generated
by projecting the wavefunctions of the free molecule onto the wavefunctions of the
substrate-adsorbate system. The eigenstate positions as reported in Table A.2
and Table A.3 are calculated as the average energy of each MO projected frontier
orbital. Details can be found in works by Gopakumar et al. [130], Maurer and
Reuter [119].
Results
We assume the experimentally observed ”unswitched” TPAPA molecules (alltrans-TPAPA) on Ag(111) to arrange in symmetric islands with the Azobenzenelegs in trans configurations as it was also done for TPAPA adsorbed on Au(111)
in a previous study [130]. Initial optimizations of all-trans-TPAPA on Ag(111)
at different adsorption sites show that for the most stable geometry the central
nitrogen atom is situated at the fcc-hollow site. All subsequent calculations have
been performed with the molecule adsorbed at this site.
Figure A.3 shows the adsorption geometry of all-trans-TPAPA from the top
and the side. The central N atom is positioned at the fcc-hollow site of the
Ag(111) surface and the azo-bridges of the three AB legs are situated close to a
bridge position, which is the most favorable adsorption site for single azobenzene
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Figure A.3: Optimized structure of all-trans-TPAPA as viewed along the Ag(111)
surface (left) and orthogonal to the surface (right). The inner phenyl rings are tilted
due to sterical hindrance, the outer phenyl rings adsorb flat on the surface. Black
spheres correspond to Carbon, blue to Nitrogen, and white to Hydrogen.

Table A.1: Relative energies of different TPAPA structures referenced to alltrans-TPAPA adsorbed on Ag(111). Additionally shown are the average values of the
vertical adsorption heights of the azo-bridges and the central dihedral angles around
the Azo-bridges (CNNC).

TPAPA/Ag(111) ∆Erel [eV]
all-trans
0.00
all-cis(a)
2.64
all-cis(b)
2.58
all-cis(c)
2.58

zAgN [Å]
3.25
2.43
3.13
3.49

ω[deg]
178
38
11
-13

molecules adsorbed on Ag(111) [143]. The outer phenyl rings are adsorbed lying flat on the surface, thereby maximizing the van-der-Waals interactions with
the substrate. At the same time the inner phenyl rings are tilted due to sterical
hindrance imposed by each other and the tripod arrangement around the amine
center. This leads to the N–N azo-bridges of the azobenzene subunits being positioned asymetrically at a vertical adsorption height that is significantly higher
than in the case of a single azobenzene adsorbed on Ag(111) (3.5 and 3.0 Å for the
inner and outer nitrogen atom vs. 2.5 Å for AB/Ag(111) [206]). At this elevated
adsorption height, the interaction between the metal and the azo-bridge is reduced, which is reflected in a central dihedral torsion (ω, see also Table A.1) that
is almost equal to the value for the gas-phase molecule (180◦ ) as opposed to the
significantly bent AB molecule when directly adsorbed on Ag(111) (155◦ ) [206].
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Figure A.4: Density-of-States of the Molecular Orbitals of all-trans-TPAPA
projected from the Density-of-States (MOpDOS) of the combined all-transTPAPA/Ag(111) surface slab. Shaded areas below the Fermi level correspond to populated states, whereas unshaded areas correspond to unoccupied bands. The frontier
molecular orbitals are only minimally broadened due to hybridization with the surface
and no significant charge-transfer between substrate and molecule can be observed.

We conclude that the tripod arrangement leads to a geometrical and chemical
decoupling of the individual N–N units from the surface.
Figure A.4 shows the corresponding density of states and the molecular orbitals of all-trans-TPAPA projected from the MOpDOS [207] of the combined
all-trans-TPAPA/Ag(111) system. The molecular orbitals are only minimally
broadened, suggesting no strong chemical interaction of any molecular subunit
with the surface. All unoccupied orbitals are well above the Fermi level, indicating that no significant charge-transfer occurs between substrate and adsorbate.
The average energies of HOMO-1, HOMO, LUMO, LUMO+1, and LUMO+2
levels are −1.46, −1.27, 0.17, 0.17, and 0.56 eV with respect to the Fermi level.
An explanation of the experimentally observed tunneling-induced switching
could be a conformational cis-trans isomerization of the individual azobenzenelegs. To study this process, we investigated a variety of possible structures, where
all three azobenzene legs are switched to the cis configuration (all-cis). Three
distinct stable geometries could be identified and are shown in Fig. A.5 with a
summary of relevant structural parameters given in Table A.1. The three geometries are between 0.86 and 0.88 eV per switched azobenzene unit less stable
than all-trans-TPAPA. In comparison, cis-azobenzene in gasphase and when adsorbed on Ag(111) is 0.58 eV and 0.77 eV less stable than trans-azobenzene [119].
None of the above all-cis-TPAPA structures agrees with the experimental findings of (1) dominant STM bias induced changes to the STM topograph close to
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Figure A.5: Three metastable all-cis-TPAPA structures adsorbed on Ag(111). (a)
Azo-bridge tightly bound to the surface and phenyl rings switched vertically upwards.
(b) Phenyl rings flat on the surface, but switched sideways. (c) Both inner and outer
phenyl rings tilted with respect to the surface and a thereby overall elevated azo-bridge.

the azo-bridge and almost no changes to the apparent height of outer and inner
phenyl ring and (2) no discernible changes to the dI/dV spectrum. In the cases
of all-cis (a) and (c) the highest protrusion above the surface would be visible
far away from the center of the molecule at the position of the outer phenyl ring.
Isomerization to all-cis (b) and (c) would be accompanied by a significant lateral
movement of the STM protrusion associated with the outer phenyl ring, which is
also not observed experimentally.
Furthermore, for all three all-cis geometries we find significant shifts of the
frontier molecular orbitals with respect to all-trans-TPAPA (see Table A.2).
Notwithstanding the deviations in absolute peak positions between the here calculated ground state Kohn-Sham states and experimentally measured molecular
resonances, we find relative peak shifts beyond 0.2 eV in magnitude for HOMO
and LUMO states of all-cis(a) and (c), which contradicts the minute changes
in the dI/dV spectra. These shifts can be understood in terms of the drastic
changes in vertical adsorption height and therewith associated change in interaction strength between the molecular resonance and the underlying image charge
in the substrate.
Having excluded the possibility of a trans-cis isomerization, we turn to another
potential mechanism of bias-induced molecular switching. Surface adsorption
imposes a potential barrier to molecular motion that would otherwise only lead
to indistinguishable rotamers in the gas-phase, such as dihedral torsion of the
phenyl rings around C–N bonds in AB. For the surface adsorbed all-trans-TPAPA
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Table A.2: Averaged energies of frontier molecular orbitals for different TPAPA
isomers adsorbed to a Ag(111) surface. Energies are referenced to the Fermi level.

-F in eV
all-trans
all-cis(a)
all-cis(b)
all-cis(c)

HOMO-1
-1.46
-1.64
-1.43
-1.25

HOMO
-1.27
-0.92
-1.19
-0.87

LUMO
0.17
-0.14
0.11
0.50

LUMO+1
0.17
0.22
0.22
0.50

Table A.3: Relative energy and vertical adsorption heights for RRR- and RRSTPAPA. Vertical adsorption heights of azo-nitrogen atoms are shown for each azobenzene group. The first value corresponds to the inner, the second one to the outer
nitrogen. In addition, the averaged energies of frontier molecular orbitals is shown for
both TPAPA configurations on Ag(111). Energies in eV are referenced to the Fermi
level.

all-trans-TPAPA ∆Erel [eV]
RRR
0.00
RRS
-0.03
-F in eV
HOMO-1
RRR
-1.46
RRS
-1.49

zAgN,1 [Å] zAgN,2 [Å] zAgN,2 [Å]
3.46/3.05 3.46/3.05 3.46/3.05
3.50/3.04 3.66/3.09 2.89/3.09
HOMO
LUMO LUMO+1
-1.27
0.17
0.17
-1.32
0.12
0.13

species, the inner phenyl rings can be tilted with the elevated side to the left or
to the right of the AB molecular axis. This gives rise to two different types of
islands observed in the STM, islands where the inner rings are either oriented
clockwise or counterclockwise. In addition, for each of these chiral species, the
outer phenyl ring can be either situated to the left (S) or to the right (R) of
the plane defined by the molecular axis and the surface normal, giving rise to
two distinguishable enantiomers (compare Fig. A.3 and see also Fig. A.6). Up to
now we have only considered structures where the outer phenyl rings are all in R
position (RRR-all-trans-TPAPA). In the following we omit the prefix ’all-trans’
and only refer to TPAPA. Figure A.6 shows RRR-TPAPA and RRS-TPAPA.
The geometrical and electronic changes of molecular isomerization between
R and S configurations of the AB units are in accordance with experimental
observations. In the case of the S configuration of the outer phenyl group with
respect to the clockwise-rotated inner phenyl rings, the nitrogen atom bound to
the inner phenyl ring (’inner nitrogen atom’) is adsorbed at about 0.6 Å reduced
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Figure A.6: All-trans-TPAPA adsorbed on Ag(111) surface in two chiral configurations viewed orthogonal to (top) and along the surface (bottom). In the left configuration (RRR, a), all outer phenyl rings lie to the right of the azo-bridge of the
corresponding AB unit. In the right configuration (RRS, b), the bottom right phenyl
group is switched to the left of the azo bridge. As a result, the corresponding azonitrogens are adsorbed at a different height from the surface.

vertical height when compared to the R configuration. At the same time the
vertical adsorption height of the outer nitrogen atom of the azo bridge lies almost
at the same height (cf. Table A.3). This highly localized geometrical change
will result in a strongly reduced apparent height around the azo-bridge that will
appear as a depression in STM topographs. At the same time the molecular
resonances of the RRS configuraton as shown in Table A.3 are almost unchanged
when compared to the RRR configuration. While the S state is slightly favored
the difference in stability of 0.03 eV between both states is negligible considering
the accuracy of the underlying density functional approximation. Furthermore
the energies of the states with respect to the Fermi level are almost unchanged
by an R/S isomerization, which is in accordance with measured dI/dV curves.
These two stable structures can be transformed into each other by two different
pathways. One is a pedalling motion of the azo-bridge, where the nitrogen atoms
twist around each other and the outer phenyl ring is dragged laterally across the
surface. We have calculated a minimum energy path for this motion using the
NEB method (see Fig. A.7). The two Nitrogen atoms twist around each other
during this transformation. The corresponding barrier is 0.47 eV. The second
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Figure A.7: Minimum energy path between RRR-TPAPA (left) and RRS-TPAPA
(right) calculated with the NEB method. Shown as insets are intermediate structures
along the path.

possible reaction involves an out-of-plane rotation of the outer phenyl ring. We
expect this process to involve a higher barrier due to the additional penalty of
lifting the phenyl ring from the surface and loosing the dispersion interactions
between them. This is supported by a single energy evaluation for a distorted
structure in which the outer phenyl ring is twisted 90◦ with respect to the surface.
The corresponding structure is 0.8 eV less stable than RRS-TPAPA.
We conclude that the experimentally observed unswitched groundstate structure corresponds to an SSS-TPAPA molecule, where the outer phenyl rings are
rotated counterclockwise from the inner phenyl rings. The S configuration corresponds to the outer phenyl rings being on the opposite side of the AB plane
formed by the molecular axis and the surface normal than the upwards-tilted side
of the inner phenyl ring. In contrast, in the R configuration, both lie at the same
side of the azo-bridge, resulting in an increased height of the azo-bridge. The
STM-induced switching of this SSS state leads to a sequential pedalling rotation
of the azo-bridge and configurational isomerization to SSR, SRR, and finally RRR
states. The switching is accompanied by geometrical changes that increase the
apparent height around the azo-bridge including a minor lateral shift of the outer
phenyl ring.
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Adatom Coadsorption with Three-Dimensional Cyclophanes on Ag(111)
Density Functional Theory Calculations

Ab initio calculations have been performed in the framework of density functional
theory as implemented in the VASP code [170]. Wave functions have been expanded using a plane wave basis set with an energy cutoff of 400 eV. We have
used the projector augmented wave method [208] to treat the core electrons and
the PBE form of the generalized gradient approximation for the exchange and
correlation functional [140]. Van der Waals interactions have been treated using the
√ method by Tkachenko and Scheffler [171]. The experimental supercell is
6×2 3R30◦ . We use this cell of 24 atoms per layer to for a periodic system using
5 atomic layers in the perpendicular direction. The k-point sampling is 1 × 3 × 1
for initial adsorption geometries and Tersoff-Hamann images [62, 172]. The two
topmost layers and the supported atoms and molecules to relax until forces were
smaller than 0.02 eV/Å.

Molecular Overlayer
The molecule is composed of two aromatic platforms, one being a stilbene and
the other the NTCDI molecules. The two platforms are bound covalently at their
edges via 3-membered aliphatic chains including one S atom (see figure of the 3D
molecule). The two S atoms can adopt cis or trans configuration with respect
to the platforms and we found the cis conformer to be 0.2 eV more stable. The
distance between the parallel platforms is of the order of 3.6 Å. Upon adsorption
we have compared two opposite orientations: the first one with NTCDI being
the lower platform and the second with stilbene being the lower platform. By
comparing their calculated STM contrast with the experimental image at low bias
we determine that NTCDI is linked to the surface. The molecule (the NTCDI
platform) binds via the pi-stacking of the aromatic perylene and mesomeric forms
of NTCDI hint at two radical oxygens interacting with the closest Ag atom.
(dO−Ag = 2.8 Å and dO−Ag = 3.0 Å). We define the adsorption energy as follows:
 = (Eads − Egas − EAg111 )

(A.1)

with Eads , Egas and EAg111 , being the energy of the full adsorbed system, of
the molecule in gas phase and of the bare surface respectively. The computed
adsorption energy per molecule  is −2.56 eV.
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Energies of Adatoms in the Molecular Layer
We have studied several structures that could give rise to adatoms within the
molecular layer. We find that adatoms adsorbed at the FCC hollow site reduce
the system’s energy if they are placed between two S atoms of adjacent molecules.
Other configurations such as an atom on the next HCP hollow site, or bridge and
top sites are systematically of higher energy. Among them, the next lowest one
is the HCP hollow site but it is still 450 meV higher than the FCC hollow site
between S atoms.
Once an atom is stable on the FCC hollow site between S atoms, a second
adatom can be added in the empty space between 4 molecules. Occupying the
other FCC hollow site is energetically favorable, but the minimum of energy is
found for the next HCP hollow site, in such a way that a substrate atom lies in
between the two adatoms. This configuration is 120 meV more stable than the one
with two FCC hollow sites. The adsorption energy for the second atom, taking
the energy reference as the energy of the system with a FCC-hollow adatom
between two S atoms is −2.71 eV. The addition of a third adatom in the metallic
area among molecules is hindered by steric forces and is not energetically stable.

A.2.2

Phases with Adatoms in the Molecular Layer

To estimate the number of adatoms that are thermodynamically stable within the
molecular layer, we compute the change in Gibbs free energy per unit area [209],
∆G(∆µ(T, P )) for one and two Ag adatoms, as a function of the Ag gas chemical
potential (Fig. 4.4 in Chapter 4). The physical picture is that there are four
regions of the crystal; (i) one with only adatoms, (ii) the molecular layer without
adatoms (zero adatoms in Fig. 4.4), (iii) the molecular layer with one adatom
(one in Fig. 4.4), and (iv) the molecular layer with two adatoms (two adatoms in
Fig. 4.4). These two regions are in equilibrium with a gas reservoir of Ag atoms
at a temperature T and pressure P . Then the chemical potential µ(T, P ) of this
gas is going to determine which phase is favorable.
To simplify, let us assume that in ultra-high vacuum the changes in chemical
potential ∆µ(T, P ) are due to the adsorption or desorption of Ag adatoms into a
very dilute gas, and we disregard zero-point motion and vibrational contributions
to the free energy. Hence:
∆µ(T, P ) ≈ E(Ag/Ag(111)) − EAg − E(Ag(111)).

(A.2)

In the approximation, the change of chemical potential is the adsorption energy of
Ag adatoms on the clean Ag (111) surface [210], given by the difference between
the energy of the system with adsorbed atoms (E(Ag/Ag(111))) and the sum of
the energies of gas atoms (EAg ) and clean surface (E(Ag(111)). Using the above
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DFT calculations, we obtain that the adsorption energy is −2.52 eV per adatom
in the unit cell of the calculation. With the above approximations, we obtain:
∆G(∆µ) ≈

m
( − ∆µ(T, P )).
A

(A.3)

∆G(∆µ(T, P )) is evaluated as a function of the number of adatoms, m, per
unit-cell area, A. Besides the change in chemical potential, the change in free
energy depends on the energy gained during the adsorption process per adatom,
. This energy is defined as:
 = (Eadatoms − Emol − m × EAg )/m.

(A.4)

This equation can be rewritten to express it in the energies of each of the sequential adsorption steps. Let us call E2 the energy of the full system with two
adatoms, and E1 the energy of the full system with one adatom. We also have
Emol which is the energy of the adsorbed overlayer without adatoms and EAg that
is the energy of one Ag atom in the gas phase. Then Eq. (A.4) can be rewritten
as:
1
 = ((E2 − E1 − EAg ) + (E1 − Emol − EAg ))
(A.5)
2
which is the average of the adsorption energy per adatom, namely the sum of
the adsorption energies of the first adatom and of the second one divided by two.
Table A.4 displays the computed values of each quantity.
Quantity
EAg
E(Ag(111))
E(Ag/Ag(111)) (FCC)
E(Ag/Ag(111)) (HCP)
Egas
Emol
E1
E2

Energy (eV)
-0.04
-348.449
-351.009
-351.004
-456.14
-807.1515
-810.294
-813.04

Table A.4: Energies of the different substrate, molecule and adatom configurations
needed to evaluate the adsorption energies and the phase diagram, Fig. 4.4 in Chapter 4.
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Upside-Down Model Compared to Symmetric NDICyclophane
Upside down model of NDI-stilbenophane

a

b

0 nm

0.3 nm

Symmetric NDI-cyclophane

c

d

0 nm

0.5 nm
0.19 nm

Figure A.8: (a) Optimized structure of upside down NDI-stilbenophane with the
stilben moiety towards the surface. (b) Simulated constant current topograph of the
upside down NDI-stilbenophane model at 1.5 V. (c) Lewis structure of symmetric NDIcyclophane which comprise two identical NDI subunits. (d) Constant current topograph
of symmetric NDI-cyclophane molecules acquired at 3 V.

A.2.4

AFM Frequency Shift of an NDI-Azobenzenophane
Island.
a

b

1 nm -28.8 Hz

-15.4 Hz

Figure A.9: (a) Constant current topograph (550 mV, 16 pA) of an NDI-azobenzenophane island. The dashed circles mark the positions of highest frequency shift
extracted from (b). (b) AFM frequency shift data of the same area measured at constant height with an amplitude of A = 0.8 Å. The The feedback loop was disabled at
V = 550 mV and I = 16 pA. From the corresponding tip–sample distance the tip was
brought closer to the sample by 220 pm.
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A.2.5

Orbitals of Gas-Phase NDI-Cyclophane Molecules

Calculations of the gas-phase NDI-cyclophane molecules were performed with
Gaussian [211]. The hybrid functional B3LYP and basis sets 6-31+G and 6311+G were used due to the good performance for organic molecules [212].
Van der Waals interaction was accounted for with D3 dispersion correction by
Grimme [213]. The energies obtained with both basis sets differ less then 50 meV.
Three energy minima with different positions of the sulfur atoms were found for
both molecules. The energy differences between these geometries are within the
uncertainty range of the used method and the corresponding orbitals are nearly
identical. Figures A.10 (a–d) show the resulting LUMO and LUMO+1.

NDI-stilbenophane
a

c

LUMO
Side view

Top view

LUMO+1

NDI-azobenzenophane
b

d

LUMO
Side view

Top view

LUMO+1

Figure A.10: Molecular orbitals of isolated NDI-stilbenophane and NDI-azobenzenophane. (a, b) The LUMO is localized to the NDI platform. (c, d) The LUMO+1
extends over the functional moiety. Gas-phase calculations were performed with Gaussian 09 [211] using the B3LYP functional with a 6-311+g basis set.
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A.2.6

Charging of NDI-Cyclophane Molecules

Besides the spectral features of NDI-cyclophane molecules (Fig. 4.5 (a) and (b)
in Chapter 4) some molecules exhibit additional sharp peaks in dI/dV spectra
either at positive or negative sample voltage. Such peaks are assigned to charging
processes [214–217]. Figure A.11 (a) shows a sharp peak at a sample voltage of
V = 810 mV. A constant height dI/dV map at the corresponding voltage of the
area around the molecule is shown in Fig. 4.5 (b). A scaled model indicates the
molecule’s position. Around the molecule a ring structure is observed. Similar
ring structures are reported for impurities in semiconductors [218–221], single
atoms in molecular monolayers [214, 222], molecules on insulating layers [223] as
well as bulky molecules on metal surfaces [224].
Figure 4.5 (c) shows dI/dV spectra acquired at another molecule. Depending
on the position at the molecule a sharp peak (red curve) or a dip (black curve)
occurs. Figure 4.5 (d) shows a constant height dI/dV map of the corresponding
molecule at the voltage of the dip in Fig. 4.5 (c). A model of the stilbene moiety
is overlaid. The map reveals areas of high differential conductance close to the
phenyl rings and decreased and slightly negative differential conductance at the
center of the stilbene moiety.
A peak in the dI/dV spectra is caused by a stepped increase of the tunneling
current. The present case might be explained with a double-barrier tunneling
junction model [214–216, 224]. One barrier is provided by the vacuum between
tip and molecule, another by the molecule. Molecular levels can be shifted with
respect to the Fermi levels of the tip and substrate by changing the voltage applied
to the junction. If a molecular level is aligned with either the Fermi energy of tip
or sample, tunneling from one electrode through the molecular level to the other
electrode becomes feasible and the conductance through the junction increases.
The dip in the dI/dV spectra implies that the tunneling current is reduced.
So far it is not clear what causes the reduced conduction. It is likely that due
to the bulky three-dimensional double-decker structure of the NDI-cyclophane
molecules the charge transport through the molecule might vary depending on
the tip position at the molecule. Transport calculations could contribute to understand the effect1 .
It has to be noted that only some molecules (not more than ≈ 10 %) showed
additional peaks and ring structures and no straightforward connection between
the molecule’s appearance or position in the island and the occurrence of additional peaks were found.

1

private correspondence with Nicolás Lorente
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Figure A.11: (a) dI/dV spectra of a NDI-stilbenophane molecule with a sharp
peak at V = 810 mV (dashed line) in addition to the typical sequence of equidistant
peaks. Current feedback loop was opened at V = 1.6 V and I = 1 nA. (b) dI/dV signal
acquired at constant height with a sample voltage of V = 810 mV over the molecule
which features the sharp peak in (a). A model of the calculated molecular structure is
overlaid. Segments of a circle are visible around the molecule. (c) dI/dV spectra of a
NDI-stilbenophane molecule with the feedback opened at V = −1.1 V and I = 300 pA.
Colored crosses in (d) indicate the positions of measurement. Spectra acquired close to
the phenyl rings (red) exhibit a peak (V = −930 mV) whereas spectra measured at the
center (black) show a dip (V = −890 mV). (d) Constant height dI/dV signal recorded
at V = −900 mV. A scaled model of the stilbene subunit is overlaid.
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Force Spectroscopy on
Iron Tetraphenylporphyrin Molecules and
Transfer of Cl Ligands
Computational Details

Density-functional-theory (DFT) calculations shown in Chapter 5 were performed
by Dr. Martin Ondráček using the DFT method as implemented in the Vienna
Ab-initio Simulation Package (VASP) [225]. There was an on-site Coulombic term
(U ) introduced on the Fe atom. A simplified version of LDA+U by Dudarev et
al. [226] was used, in which only the difference U − J is significant, rather than
the individual parameters U and J. They were set to U = 4 eV and J = 1 eV,
as recommended in Ref. [227], so U − J = 3 eV. The exchange-correlation functional was the generalized gradient approximation (GGA) in the Perdew-BurkeErnzerhof (PBE) variant [140]. A projector-augmented wave (PAW) method [228]
with a plane-wave basis was used. The number of basis functions was specified by
a kinetic-energy cutoff of 400 eV. The calculation was spin polarized. The initial
magnetic moment was set to 2.0 or 2.5 µB (Bohr magneton) on the Fe atom and
zero elsewhere. In most cases, the initial value 2.0 µB was tried first and if it had
converged to a non-magnetic state, 2.5 µB was used to obtain the magnetic state
(the total energy of which was always found to be below that of the non-magnetic
state). The cycle for electronic self-consistency was considered converged when
the total energy changed by less than 1 µeV between iterations. The geometric
structure was considered converged when forces on any free atom were below
0.01 eV/Å. The method of density-of-states integration (used to determine the
Fermi level) was to apply a Gaussian smearing of the discrete energy levels with
σ = 0.1 eV. The Brillouin zone was sampled by a mesh of 3 × 3 × 1 k-points.
Van der Waals (London dispersion) forces were included using a correction by
Tkatchenko and Scheffler [171]. To reduce computational cost, the geometries of
FeTPP or FeTPPCl were first optimized on the Au(111) surface in the absence
of a tip. The Au slab representing the surface consisted of 4 atomic layers. Only
the bottom atomic layer of gold was kept immobile during the search for optimal
geometry. The optimized geometries were then fixed and only Fe in the case of
FeTPP and the Cl atom in the case of FeTPPCl could relax during the approach
of the tip. From the pyramidal tip (20 atoms), only the outermost gold atom at
the apex was allowed to move, unless the tip was terminated with Cl, in which
case both the Au and the Cl atom were allowed to relax. Bader analysis has been
done for the optimized geometry of FeTPP or FeTPPCl at the atop site on the
Au(111) surface (i.e. Fe atom of the molecule positioned directly above a Au
atom), without the tip.
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