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by Mr. Dr. Daniel Hernangómez-Pérez. I want to thank Mr. Dr. Laerte L. Patera for all

i



ii Vorwort

his contributions to the work and all the time spend together in the Laboratory in the
beginning of the experiments to the ether-bond fission topic.

Moreover, I am thankful for being given the opportunity to participate in a fruitful collab-
oration for the triplet and the triplet quenching experiments of our group with Mr. Prof.
Dr. John M. Lupton, Mr. Prof. Dr. Ferdinand Evers, Mr. Dr. Leo Gross and Mr. Dr. Daniel
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Introduction

Scanning probe microscopic (SPM) methods deeply rooted in the field of physics can be
applied to problems existing in the field of chemistry. The atomic resolution in atomic
force microscopy opens up the possibility to image and investigate the chemical structure
of an individual molecule in real space [2]. Thereby, chemical reactions with one to a few
individual molecules involved can be directly resolved [3–6]. Three exemplary publica-
tions that address long-standing questions of the field of chemistry deal with the real-space
imaging of the anisotropic charge distribution of the σ-hole of carbon-halogen bonds [7],
the direct investigation of an antiaromatic polycyclic hydrocarbon [8] and the hydration
of ions on surfaces [9]. A variety of chemical substances were postulated but could not
be synthesized so far. Some of these compounds could be generated and investigated in
scanning tunneling microscopy (STM) and atomic force microscopy (AFM) experiments,
such as higher acenes [10–12], cyclic acenes [13] or triangules [14–16]. Another essential
question concerns the structure of carbyne [17, 18], a carbon allotrope in an infinite sin-
gle strand form consisting of sp-hybridized carbon atoms. Two structures are proposed
linking to two different bond orders [19, 20] and differences in their conductivity [21–24].
Model compounds for the two proposed forms of carbyne, possessing polyyne or cumulene
moieties, could be directly studied by STM and AFM [25–32].

Physically motivated studies can benefit of chemical knowledge. For example, the genera-
tion of graphene nanoribbons or extended one-dimensional or two-dimensional π-conjugated
carbon networks is often realized with synthetic bottom-up approaches, including specifi-
cally synthesized reactants employed for on-surface synthesis reactions [33–36]. Interesting
electronic and magnetic properties of GNRs could be tailored by suitable synthesis and
investigated by STM, scanning tunneling spectroscopy (STS) and AFM ranging from modi-
fied band structures with band gaps of different size [37, 38], over the presence of topological
protected edge states [39, 40] to the nature of the magnetic coupling [41, 42].

In many research topics fundamental principles of physics and chemistry are deeply entan-
gled. An example is the field of spintronics. Stable chemical compounds in an open-shell
electronic configuration with distinct physical properties, e.g. slow spin-lattice and spin-
spin relaxations times, need to be found. To synthesize a species stable in its open shell
configuration with the desired physical properties, the type of the atoms and the chem-
ical structure is decisive. For spintronic applications the chemical compound needs to
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2 Introduction

be in contact with a metal electrode and sustain its open-shell character under this condi-
tion [43]. STS experiments are suitable to investigate the magnetic properties of the species
adsorbed onto metal surfaces via the Kondo resonance [42, 44–47]. Even spin chains could
be synthesized by means of on-surface covalent coupling reactions and were investigated
by STM/S [48].

Many chemical processes are carried out in solution, in gas-phase or at distinct interfaces,
which often don’t include a conductive surface. Adsorbates exhibit strong electronic cou-
pling to metal surfaces. This strong coupling often impedes a direct comparison of processes
investigated on metal surfaces to similar processes in different environments. For a better
understanding of chemical processes it is therefore desired to directly investigate individual
molecules on weakly interacting surfaces. On insulating surfaces usually the only source
of interaction is of phononic nature and no electronic coupling needs to be considered [49].
Hence, the geometric and the electronic structure of individual molecules are usually less
perturbed and can often, under caution, be compared to other systems [8, 30–32, 50, 51].
Thick insulating layers can be evaporated onto a metal substrate to electronically decouple
an adsorbed chemical compound from the metal substrate completely.

Recent progress in the technique of STM and AFM has widened the field of applications.
For example, spin relaxation times of individual adatoms could be investigated by including
a pulse scheme with a pump-and-probe pulse to the STM [52]. Electronic states, including
out-of-equilibrium states, could be probed on thick insulating layers [53, 54]. Additionally,
the orbital densities of individual molecules could be mapped on thick insulating layers and
out-of-equilibrium electronic states were addressed [55]. Very recently, the triplet lifetime
of individual pentacene molecules could be determined by supplementing the AFM with
an all-electronic pump-and-probe pulse scheme [56]. All these newly developed extensions
of the AFM and STM technique widen the possibilities of employing these techniques for
various physical and chemical processes.

The topics of this work are allocated to the cross-section of physics and chemistry. Two
stable organic Blatter radical derivatives are investigated on a gold (111) single crystal
surface. Their Kondo signature can be linked to different atomically resolved chemical
functionalities of the individual molecules and the orbital density of the unpaired-electron
orbital of one derivative can be mapped through the Kondo resonance [57]. Additionally,
their assembling scheme at room temperature is investigated [57]. Several compounds
with phenoxy functionalities are investigated on insulating bilayers. Reactive species are
generated by tip-induced ether bond fission. Some of the reactive species serve as model
compounds of carbyne. One reactive species is a representative of the quinoidal group.
Quinoidal compounds often possess small singlet-triplet gaps [58]. A lot of compounds of
this group are very reactive and their electronic structure and related properties are not
fully understood [58]. Finally, a new method to detect lifetimes of electronic states on thick
insulating layers is presented [56]. With this method the triplet decay time of individual
pentacene molecules is determined and the quenching effect of molecular oxygen located
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in close proximity is detected with atomic precision [56].

The thesis is subdivided into five chapters. In the first chapter the theoretical background
to the presented topics is elucidated. The following chapter comprises a presentation of
the apparatus and a summary of the experimental details. In the third chapter the results
of the experiments with the two Blatter radical derivatives are discussed. In the fourth
chapter the ether bond fission experiments are presented, including a discussion of the un-
derlying cleaving mechanism and of the different interesting reactive species generated by
the bond dissociation reaction. In the last chapter, the triplet lifetime and the quenching
by molecular oxygen is investigated for single pentacene molecules.





Chapter 1

Theoretical background

This chapter introduces the reader to the theory of the concepts and methods applied in
the experiments. The important considerations and equations are shown for the basics
of scanning tunneling microscopy and spectroscopy (STM and STS), atomic force mi-
croscopy (AFM), kelvin probe force microscopy and spectroscopy (KPFM and KPFS) and
single-electron alternate-charging scanning tunneling microscopy (AC-STM). Here, a brief
introduction to these topics is provided, whereas the complete derivations are described in
the cited literature. Additional theoretical background needed for the individual topics of
this thesis is provided in the beginning of the corresponding chapters.

1.1 Scanning tunneling microscopy and spectroscopy

For the technique of scanning tunneling microscopy and spectroscopy the tunneling effect is
applied. The measuring principle relies on two conducting (or semi-conducting) electrodes,
a probing tip and a sample, with electrons tunneling from the tip into the sample or vice
versa.

1.1.1 Scanning tunneling microscopy

This type of microscopy benefits especially of the strong dependence of the tunneling cur-
rent on the distance. Following from Borns condition of square integrability, an area where
classically no particle should be found, can no longer be treated with zero probability of
stay for this particle. In quantum mechanics this particle needs to be described by an ex-
ponentially decaying wave function in the forbidden area. This implies that particles have
a minor density probability in an area where they would classically not be allowed. The
tunneling of electrons in a metal-vacuum-metal junction could be proven experimentally
by Binnig and colleagues [59]. The phenomenon can be applied for atomically resolved mi-
croscopic measurements [60–62]. In the case of a simple one dimensional potential barrier
the tunneling of one electron can be demonstrated analytically. The experimental setup
of Binnig et al. [59] is more complex than the one dimensional potential barrier approach
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6 CHAPTER 1. THEORETICAL BACKGROUND

Fig. 1.1. Schematic energy potential perpendicu-
lar to the surface plane for an electron seeing two
electrodes A and B with an applied bias voltage,
Vb, separated by a vacuum gap at low tempera-
tures. The grey area illustrates the Fermi-Dirac
distribution at 0K. ΦA and ΦB are the work func-
tions of the two electrodes. For the experimental
setup of an STM the electrodes can be assigned to
tip and sample as indicated in the scheme. The
scheme follows the common approach of applying
a bias voltage to the sample with respect to the
tip resulting in a lowering of the Fermi level of
the sample by |eVb|. The arrows illustrate the dif-
ferences in tunneling probability depending on the
different barrier height for electrons in different en-
ergetic level. Schematic is not drawn to scale.

ΦB

Φ  A

A

B

eVb

Fig. 1.2. Scheme of a conducting tip and sam-
ple in an STM set-up. The tip apex is mod-
elled locally spherical and the wave function of
the tip is constructed having s-character. Con-
tributions with angular dependence (l ̸= 0)
are excluded. The center of curvature, rt,
is marked at the locally spherical tip apex
of atomic dimensions. The distance between
tip and sample surface, s, is illustrated in the
model. The distance, s, usually amounts to
several Ångström.

rt

son the order 
of several Å 

atomic 
dimensions

x-y-plane

z



1.1. SCANNING TUNNELING MICROSCOPY AND SPECTROSCOPY 7

and yet the exponential dependence of the tunneling current on the distance remains [59].
In figure 1.1 the energy potential for an electron seeing a metal-vacuum-metal junction
is depicted schematically. By applying a bias voltage, Vb, to electrode B with respect to
electrode A one assures a net current flow in the case of a tunneling event.
In this study the z-axis is assigned to the axis perpendicular to the surface plane of the
metal in real space, indicated in figure 1.2. By applying a bias voltage, Vb, to the electrode
B the Fermi level of this electrode shifts with respect to the Fermi level of electrode A,
lowering it by |eVb|. Electrode A refers to the tip and electrode B to the sample, because
in most common STM-apparati the bias voltage is applied to the sample.
In some of the experiments a carbon monoxide (CO) molecule is adsorbed on the tip apex
or films of sodium chloride (NaCl) are grown on the surface of the metal sample. While
the specific role of the CO-tip termination or of insulating layers is discussed later on in
this thesis, here only metallic electrodes are considered disregarding semiconductors.

In theory the tunneling current can be described with a time dependent first order per-
turbation approach introduced by Bardeen [63]. However, this perturbation ansatz differs
from common first-order perturbation approaches, as therein the wave functions of initial
and final state are non-orthogonalized and can be attributed to different hamiltonians. For
specific reasons in the construction of the two many-particle states the matrix element can
in the end be symmetrized and can be expressed by the current operator.
The initial and the final state of the system are each described by one many-body particle
state applying quasi-particle occupation numbers. The initial state is described as a sep-
arated unperturbed system. The final state differs from the initial state by one electron,
which is transferred from an occupied state in electrode A to a formerly unoccupied state
of electrode B. The time dependent solution can then be expressed by a linear combination
of the initial state with a set of final states.
The transition probability can be implemented applying Fermis Golden Rule [64] with a
transition to a continuous set of final states.

Γµν =
2π

ℏ
δ(Eν − Eµ)

∣∣∣〈Ψν

∣∣∣ V̂ ∣∣∣Ψµ

〉∣∣∣2, (1.1)

where Γµν is the transition rate, meaning the transition probability per time unit, ℏ is the
reduced Planck constant, µ and ν denote initial and final state, Eµ and Eν are energies of

initial and final states and Mµν =
〈

Ψν

∣∣∣ V̂ ∣∣∣Ψµ

〉
represents the transition matrix element

of the perturbation V̂ . The term δ(Eν − Eµ) shows that the energy of the initial and the
final state must be the same, meaning that this process accounts only for elastic tunnel-
ing events. Energy conservation needs to be fulfilled for the many-particle states but the
specific values of the energies of the initial and final state do not enter the symmetrized
tunneling matrix element derived by Bardeen [63], equation 1.3. Hence, in the following it
is sufficient to choose the single particle wave functions involved in the tunneling process.
The wave function Ψµ represents the initially occupied single particle state (referred to
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as initial state) and Ψν represents the initially unoccupied single particle state, where the
electron tunnels into (referred to as final state).
As already mentioned previously, the transition will proceed to a continuum of final states.
Hence, the transition rate needs to be summed up over all possible final states of the energy
interval of interest, dEν . Provided that the matrix element does not vary for the differ-
ent final states of the energy of interest, the number of final states of energy Eν can be
described by the density of the final states, ρ(Eν). Substituting this into the summation
over all possible final states contributing to the energy of interest yields,

∑
ν

Γµν =

∫
dEν ρ(Eν)Γµν =

2π

ℏ
ρ(Eµ)

∣∣∣〈Ψν

∣∣∣ V̂ ∣∣∣Ψµ

〉∣∣∣2. (1.2)

Note that the index of the density of states changes from ν to µ in equation 1.2, indicating
that only those final states of the same energy as the initial state may enter the sum, in
equation 1.1 formerly expressed with the term δ(Eν − Eµ).
In the case of the metal-vacuum-metal junction some additional considerations can be
done to match the general expression to the specific conditions of the system. Following
Bardeens approach [63] the symmetrized matrix element may be expressed by the current
density operator of the z-coordinate in the barrier region. The problem can be reduced
formally to one dimension and can be expressed mathematically by an integration over a
separation surface at an arbitrary position in the gap region,

Mµν = − ℏ2

2me

∫
Σ

dS (Ψ∗
µ∇Ψν − Ψν∇Ψ∗

µ), (1.3)

with Σ being the separation surface in the vacuum gap and me the mass of an electron.
The quantity in the integrand of equation 1.3 has similarities to the current operator. Here,
Bardeen [63] assumed that the tunneling matrix element is constant and independent of
energy.
On the basis of Bardeens theory [63] Tersoff and Hamann [65, 66] developed a theory for
STM. They limited it to low bias voltages about zero and low temperature. While the
temperature is usually low in the here presented STM measurements, the bias voltage is
not close to zero.
For this reason a generalized equation of the net tunneling current is presented [67], fol-
lowing a similar approach as Tersoff and Hamann [65, 66], but taking somewhat higher
bias voltages into consideration. For simplicity the undistorted wave functions Ψµ,ν of the
unperturbed system are seen as valid approximations for the wave functions of the system
with applied bias.
By applying a positive bias voltage to the electrode B (sample) the Fermi level of this
electrode is lowered by |eVb|. The states of electrode A (tip) mainly contributing to a mea-
surable net tunneling current are then in the energy range starting from the Fermi level
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of electrode A (tip, EA
F ) to the energy lowered by |eVb|. This energy range is marked as

a blue region in figure 1.1 and is henceforth referred to as bias voltage window. Electrons
of this energy interval can tunnel elastically from electrode A (tip) to unoccupied states
in electrode B (sample). The arrows in figure 1.1 pointing from electrode A through the
vacuum barrier to electrode B illustrate the elastic tunneling process of the states mainly
contributing to the net tunneling current. The thickness of the arrows indicates the varying
tunneling probability caused by the difference in barrier height present for initial states at
different energies. For finite temperatures the Fermi Dirac distribution function, indicated
in figure 1.1 by the grey area for 0 K, blurs out and states in vicinity to the described
energy range are contributing as well.
To set up the equation for the net tunneling current, some additional considerations need
to be done. To obtain a current the transition rate, equation 1.2, needs to be multiplied
by the coulomb charge of an electron, e. To account for spin degeneracy a factor two is
introduced.
In the expression of the net tunneling current two summations need to be considered, the
sum over all possible final states for one transition of a certain energy and the sum over
all possible energy levels, where a transition contributes to a net current. To account for
the latter an integral over the energy interval of contributing states needs to be set up.
The Fermi Dirac distribution function, fA,B and the density of states ρA,B include the sum-
mation over all possible final states. Additionally the Fermi Dirac distribution function
accounts for Pauli’s exclusion principle and effects of finite temperatures. When dealing
with finite temperatures, the integral over all possible states contributing to a net tunnel-
ing current must start from −∞ and go to ∞.
To derive an expression of the measured net tunneling current two general tunneling pro-
cesses need to be taken into account. The tunneling of the electron from electrode A to
electrode B and the back-tunneling of the electrons who have arrived in electrode B. To
this point the initial and the final states were denoted with µ and ν, so that the approach
was still general and any state of any electrode could be chosen. For the next step the
electrodes A and B are explicitly mentioned for the instance of applying a positive voltage
to electrode B, but the equation can be rephrased for any precondition, e.g. applying a
negative voltage to electrode B or applying a voltage to electrode A. Taking all points
made above into consideration results in equation 1.4.
STM measurements are often carried out at low temperatures (kBT≪ eVb) so that equa-
tion 1.4 simplifies to equation 1.5, where the Fermi Dirac distribution function can be
approximated by a step function and the borders of the integrals can be specified.
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I =
4πe

ℏ

∫ ∞

−∞
dϵ [fA(EA

F − eVb + ϵ) − fB(EB
F + ϵ)] (1.4)

× ρA(EA
F − eVb + ϵ)ρB(EB

F + ϵ)|M |2

I =
4πe

ℏ

∫ eVb

0

dϵ ρA(EA
F − eVb + ϵ)ρB(EB

F + ϵ)|M |2 (1.5)

The Integration is proceeded over all energy levels contributing to the net tunneling cur-
rent, denoted with dϵ, in contrast to the previous equation 1.2 which integrates over all
possible final states of the same energetic level, dEν . By changing to an integration over
all contributing energetic levels the formerly referred to matrix element Mµν is condensed
to the expression M .
The tunneling matrix element M is essential for determining the transition rate and hence
the detectable net tunneling current. However, it is not straightforward to determine M ,
because the wave functions of all initial and final states need to be known. Tersoff and
Hamann [65, 66] modelled the wave function of tip and sample of the STM at the limit
of low bias and low temperatures. For the sample they applied a plane wave ansatz in
the x, y-plane, the sample surface plane, visualized in figure 1.2. The wave function of
the sample surface decays exponentially in the z-axis in direction towards the tip. The
arrangement of the atoms at the tip apex is generally not known. As a first approach
Tersoff and Hamann [65, 66] modelled the tip apex as locally spherical. More importantly,
they assumed an s-like behaviour of the tip apex excluding contributions with angular
dependence (l ̸= 0). Inserting these modelled wave functions into the expression for the
tunneling matrix element M , equation 1.3, results in a dependence of the tunneling current
(I) on the charge density of electronic states (DOS) of the tip (ρt(E)) and on the charge
density of electronic states of the sample (ρs(rt, E)) evaluated at the center of curvature
of the effective tip, rt, referred to as local density of states (LDOS),

I ∝
∫ eVb

0

dϵ ρt(E
t
F) − eVb + ϵ)ρs(rt;E

s
F + ϵ). (1.6)

In the expression above the indices s and t refer to tip and sample, respectively. From here
on it is no longer possible to employ any shape for the electrodes, since the geometry of
tip and sample are already specified. A small bias voltage compared to the work functions
of the electrodes is a condition which needs to be fulfilled. For metal electrodes with work
functions typically in the range of several eV, bias voltages in the range of ± 2 V are ap-
plicable [67].
Lang [68] showed on the basis of the Tersoff and Hamanns expression for the limits of low
bias and low temperatures [65], equation 1.6, that an adequate guess of |M |2 is provided
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by a one-dimensional WKB-approximation,

ρs(rt;E
s
F + ϵ) ∝ ρs(E

s
F + ϵ)T (s, ϵ, eVb,Φt,s),

ρs(rt;E
s
F + ϵ) ∝ ρs(E

s
F + ϵ) exp{−2sκ}, (1.7)

with κ =

√
2me

ℏ2
(Φeff − ϵ), (1.8)

and with Φeff =
Φt + Φs + eVb

2
.

In the expressions above T is the transmission coefficient, s denotes the distance between
the tip and the sample, see figure 1.2 for an illustration, me is the mass of an electron
and Φeff is the effective barrier height with respect to the Fermi level of the sample, Es

F.
The trapezoidal shape of the barrier is approximated by a square barrier with an averaged
height, Φeff, with Φt,s being the work functions of tip and sample, see figure 1.1. With this
approximation the expression for the tunneling current reduces to,

I ≈ 4πe

ℏ

∫ eVb

0

dϵ ρt(E
t
F − eVb + ϵ)ρs(E

s
F + ϵ) exp{−2sκ}. (1.9)

Furthermore, the expression for κ can be simplified by making the assumption that most
of the electrons contributing to the tunneling probability are close to the Fermi level of the
tip for positive bias voltages, so that ϵ ≈ eVb. If the bias voltage is significantly smaller
than the work functions of the electrodes, it can be omitted. Thus, for metal electrodes
having work functions of several eV the equation 1.8 can often be simplified to,

κ =

√
2me

ℏ2
(
Φt + Φs

2
). (1.10)

The term exp{−2κs} entering expression 1.9 is highly dependent on the distance between
tip and sample, s. Assuming work functions for metals of several eV a change in the
distance s of one Ångström corresponds to a change of roughly one order of magnitude in
the tunneling probability. Therefore the measured current, equation 1.9, is highly sensitive
to distance changes in the z-axis, making atomic resolution by means of STM accessible.
However, the resolution in the lateral directions (x − y-plane) is highly dependent on the
shape of the tip apex and its sharpness. By scanning over the surface and holding the
current constant topographic maps of the surface with atomic resolution can be detected
but caution needs to be taken when interpreting these images taken at specific bias voltages
as not only information of the topography but also information of the electronic states of
the tip and the sample can influence the results of the measurements, as can be seen in
equation 1.9.
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1.1.2 Scanning tunneling spectroscopy

The evaluation of the topography of a sample surface by STM is impeded by the fact
that the results of the measurements include information of the electronic states of the
sample surface and the tip apex, compare equation 1.9. However, the information of the
electronic states of the sample surface is useful in scanning tunneling spectroscopic (STS)
measurements [69].
Depending on which of the three parameters current, I, bias voltage, Vb, or distance be-
tween tip and sample, s, should be varied with respect to one another, one of these three
parameters always needs to be held constant. In this study it is important to gain infor-
mation about the orbitals of single molecules decoupled from the metal surface. For this
purpose one needs to vary the bias voltage with respect to the tunneling current and the
distance needs to be held constant. When observing the tunneling current with respect to
the varying bias voltage an additional channel in the tunneling current opens up at the po-
sition of the bias voltage corresponding to a broadened orbital resonance of the adsorbate.
This results in a steeper slope of the I − Vb-curve. The change in slope enters as a peak
in the dI / dV − Vb-curve. To understand the characteristics of the spectra the example
of a positive applied bias voltage to the sample with respect to the tip is considered with
electrons tunneling from the tip to the sample. Under the assumptions that, first, the main
contribution of the tunneling current arises from the electrons at the Fermi level of the tip
tunneling to unoccupied states in the sample of the same energy that, second, the DOS of
the tip is constant in the energy interval of interest and that, third, the matrix element
in the energy interval of interest is constant the following dependence for the derivation of
the current can be found [70],

(
dI

dV

)
V=Vb

∝ ρs(E
s
F + eVb)ρt(E

t
F)T (s, eVb, eVb,ΦA,B). (1.11)

In the expression 1.11 the dependency of the derivate of the current, dI / dV , on the den-
sity of states of the sample and the tip at the respective level of energy for constant values
of z, ρs and M becomes evident.
This means that the electronic structure of the surface can be probed by ramping the bias
voltage, but caution needs to be taken in the evaluation process. Influences of the tip
may arise as the density of states of the tip may not be constant in the energy interval of
interest or the assumption of an s-like behaviour of the tip is no longer valid.
When probing single molecules on the surface a comparison spectrum of the bare surface
can help assigning the peaks to states of the molecule. On bare metal surfaces the broad-
ening of the orbitals of the molecule due to electronic coupling with the metal is usually
pronounced. Drastic changes in the electronic structure of the molecule may arise upon
adsorption on the bare metal surface due to bond formation with the metal atoms. In
contrast, sublimation of few monolayers (Ml) of a substance with a large bandgap, such as
sodium chloride, lowers the possibilities of interaction of the molecules with this substrate
substantially, while at the same time a net current at an applied bias voltage remains
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detectable. If molecules get adsorbed on such few insulating layers on a metal substrate,
the broadening of their orbital resonances is on the order of 300 meV [49]. The only source
of interaction between the single molecule and the insulating layer is usually due to a
phononic coupling among them.
So far, only elastic tunneling processes are taken into account. However, there are also
channels for inelastic processes in certain systems, so that additional care needs to be taken
in the evaluation process. Within the scope of this work no inelastic features, which are
important in the evaluation process, arise in the spectroscopic measurements and hence
they will not be addressed in this chapter.
Taking into account all the considerations resulting in the expression 1.11, the density of
states of the sample is directly related to the first derivative of the current with respect to
the voltage. For a direct measure of the latter a Lock-In amplifier can be applied with the
advantage of having a high signal to noise ratio, since it operates as a narrow band-pass
filter. The Lock-In amplifier adds a small alternating voltage signal resulting in a modu-
lation of the tunneling current. If the modulation of the current is small enough, a first
order Taylor expansion about the bias voltage Vb is sufficient to describe this process. Ter-
minating the Taylor expansion after the linear term and substituting the bias modulation
with time, V (t) = Vb + Vmod · cos(ωt), yields [71],

I(V, t) = I0 +
dI(Vb)

dV
· Vmod · cos(ωt), (1.12)

where I0 is the tunneling current arising for a non-modulated bias voltage Vb, Vmod is the
amplitude of the modulation and cos(ωt) determines the modulation of the bias voltage
with time, t, at a angular frequency, ω. The term of interest, dI(Vb) / dV , links directly
to the expression 1.11, making the quantity, which determines the electronic properties of
the sample (and the tip), directly accessible.

1.2 Atomic force microscopy

Binnig et al. [72] proposed the atomic force microscope (AFM), similar to the STM but
based on small interatomic forces between the atoms at the tip apex and the atoms on the
probed surface. Implementing force detection, as opposed to the detection of the tunneling
current, a great variety of samples are accessible, such as all types of insulating samples.
In the work of Binnig et al. [72], different modes of operation of the AFM, including os-
cillating the cantilever at its resonance frequency, were already proposed. By estimating
the magnitude of the forces present in the setup they came to the conclusion that atomic
resolution should be in principle possible. In their first published experiments [72] signa-
tures with atomic corrugation could be found. Quasi-atomic resolution was demonstrated
shortly after the introduction of the AFM [73–77]. However, the images lack atomic defects
or step edges. This could be rationalized by envisioning a tip apex constructed out of many
laterally displaced mini tips [78]. As a result the signal of the force measurements would be
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a superposition of all the different signals of the mini tips. The dominant features present
in the images are then those of the periodic structures. Non-periodic structures, such as
defects, could not be displayed with this tip apex. In contact mode true atomic resolution
could be realized [79, 80]. However, for a standardized procedure to obtain atomic reso-
lution on insulating surfaces, also including reactive surfaces, frequency modulation AFM
(FM-AFM) is the favoured technique.
Frequency modulated AFM, also called non-contact AFM (nc-AFM), was introduced by
Albrecht and colleagues [81]. This technique is more sensitive to the small short-ranged
atomic forces needed for the atomic resolution. Additionally, the stability of the gap be-
tween tip and surface can be guaranteed under certain conditions maintaining a pristine
tip and surface.
In FM-AFM the cantilever is oscillated close to its resonance frequency at a constant am-
plitude. When approaching the surface with the tip held at a constant amplitude, the
frequency will change. An approximation of the frequency shift for small amplitudes is
presented later on.
With the FM-AFM method atomic resolution was finally achieved for more complicated
surfaces. The real atomic resolution of the reactive Si(111)-(7x7) surface was realized by
Giessibl [82]. Soon after this defect motion could be imaged at room temperature on
InP(110) by Sugawara and colleagues [83].
There are several modes of operation for the AFM. This section is focussing on the FM-
AFM technique operated in ultra-high vacuum (UHV) at low temperatures (LT) of liquid
helium (lHe), since these are the conditions applied for the experimental results presented
in this thesis.
To establish an AFM apparatus which can routinely provide experimental results with
atomic resolution several adaptations need to be implemented. For a better understand-
ing of the requirements of atomic resolved AFM a comparison of the measured quantities
in STM, the net tunneling current, I, with the measured quantity in FM-AFM, i.e. the
frequency shift, ∆f , is helpful.
The behaviour of the tunneling current as a function of the z-axis is purely monotonic. Op-
posed to this, the behaviour of the frequency shift measurements in z-direction is depending
on a variety of different interactions between the tip and the sample surface. Overall, there
is a regime with a monotonic dependence and a regime, where this dependence changes the
sign. Thus setting up and working with a feed-back loop system is not straightforward.
In FM-AFM the deflection of the cantilever with time needs to be measured. The method
to detect this deflection involves more steps to translate the signal to an electrical process-
able signal than the measurements of the tunneling current. Hence, detection in the regime
of interatomic interactions, nanonewton regime [84], is more complicated. Also additional
sources of noise can be identified. The noise sources can be categorized into thermal noise
(white noise), oscillator noise (white noise), frequency drift noise (1/f -noise) and deflection
detector noise (∝ f). The experimental FM-AFM measurements presented in this thesis
are at LT-UHV conditions and the resonance frequency of the cantilever is relatively high,
so that most of the noise sources do not turn out to be a problem. The most dominant
noise in the frequency regime of interest is the deflection detector noise [78, 85], which can
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be minimized by choosing the right compounds during the built-up [85].
The frequency shift depends on different types of interactions between tip and sample.
The predominant contribution is attractive in nature and is of long-ranged character. It
can be mainly attributed to van der Waals interactions. Van der Waals interactions do
only have attractive contributions. As a result, for extended surfaces consisting of a high
number of atoms, there are no cancelling contributions to the overall van der Waals force.
The short ranged contributions of the single atoms add up to an overall long ranged force.
For the interaction between extended flat surfaces and a spherically shaped tip, a distance
dependence of the force of 1/z2 can be found [78, 86], in contrast to the 1/r6 distance
dependence for the interaction of two single atoms [87]. The short ranged chemical forces,
which are useful to gain atomic resolution are small in magnitude.
When the tip approaches the surface, the predominant long range interaction forces affect
the tip and a jump-to-contact [78, 88, 89] may occur. Choosing the right parameters in
FM-AFM this jump-to-contact can be avoided, guaranteeing a stable oscillation of the tip
in a defined distance to the surface.
The detection of the cantilever deflection by employing piezoelectric sensors turned out to
be reliable and involves less steps to translate the signal to an electrical processable sig-
nal than other set-ups. The deflection of the prong induces strain, which leads to surface
charges, due to the piezoelectric effect. These surface charges are collected by the electrodes
and can be measured as a current. Another advantage is that electric dissipation in the
chosen piezoelectric material is very low, making it employable at lHe temperatures [78].
Good properties, especially for the requirements of high resolution FM-AFM imaging, were
found for the so-called qPlus sensor [85, 90–92], a specially cut quartz tuning fork. With
a resonance frequency of about 30 kHz [91] significant noise sources can be avoided. The
spring constant of about 1800 N/m [91] guarantees stable oscillations at small amplitudes.
With small amplitudes and relatively small tip-sample separation distances the contribu-
tion of the short ranged chemical forces to the overall signal can be maximized, so that
atomic resolution can be obtained with low noise contribution [78, 85, 92, 93].

Fig. 1.3. Scheme illustrating the tip sample interactions. The can-
tilever can simply be expressed by a point mass of effective mass m at-
tached to a spring with a spring constant k. The cantilever is mounted
on a ceramic substrate (cantilever mount). Approaching with the tip
towards the surface introduces an additional force contribution which
can be expressed by a spring constant kts. This additional spring be-
tween tip and sample is related to the interaction forces between tip
and sample in the approached position of the tip and is responsible for
the frequency shift, ∆f .

m

k

kts

sample

cantilever mount
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1.2.1 Frequency shift for small oscillation amplitudes of the can-
tilever

For small amplitudes, sufficiently stiff cantilevers and relatively small tip-sample separa-
tion distances the contribution of the short ranged chemical forces to the signal can be
maximized [78, 85, 92, 93]. This is important for high resolution FM-AFM imaging, since
the short ranged chemical forces are the basis for atomic resolution.
In FM-AFM the detected quantity is the frequency-shift, ∆f . For small amplitudes in a
weakly disturbed system the cantilever can be represented by a harmonic oscillator and
the frequency shift can then be approximated by a Taylor expansion. First the resonance
frequency, f0, of the cantilever with retracted tip without any influence of the sample must
be considered,

f0 =
1

2π

√
k

m
. (1.13)

In this equation m represents the mass of the cantilever.
With the tip in vicinity to the sample surface there is significant interaction among them.
The influences of the sample on the resonance frequency of the cantilever can be expressed
by an additional spring constant, kts, compare figure 1.3. The modified resonance fre-
quency in the approached position, f , with kts accounting for the interactions between tip
and sample, can be expressed by,

f =
1

2π

√
k + kts
m

. (1.14)

The additional spring constant, kts, can be associated with the force and potential contri-
bution of the z-direction by

kts = −∂Fz

∂z
=

∂2Vz

∂z2
. (1.15)

Expanding a Taylor series of f(kts) about zero yields,

f = f0 +
f0
2k

kts. (1.16)

Following this, one can deduce the frequency shift for the constraint of small amplitudes
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to be,

∆f = f − f0 =
f0
2k

kts. (1.17)

Equation 1.17 suggests that for small amplitudes the frequency shift is directly connected
to the force gradient of the z-direction. Additionally, the frequency shift is directly propor-
tional to the derivative of the force component with respect to z, see equation 1.15. This
means only changes in the force may be detected and the method has no direct access to
static forces in the system.
In this approach, the equation of motion of an harmonic oscillator in one dimension and
a Taylor expansion was applied. Alternatively, a more complicated approach describing
a weakly perturbed harmonic oscillator with the Hamilton-Jacobi-formalism can be em-
ployed [86]. Notably, this approach leads to the same solution 1.17 under the condition of
small amplitudes [86] rendering the here presented approach eligible.
For finite amplitudes the relation between frequency shift, ∆f , and force gradient is not
straightforward. The time average over one oscillation cycle needs to be considered. There
are several methods to deconvolute the acting forces between tip and sample from the
frequency shift data [94–101].
For a quantitative estimate of the force the different contributions often need to be mod-
elled [86]. This can be achieved by adding attractive or repulsive short range contributions,
e.g. Pauli repulsion or van der Waals attraction of the Lennard-Jones potential [78, 102]
or the Morse potential [78, 103] and attractive long range contributions, e.g. the summed
up van der Waals contribution for specials shapes and certain dimensions. These summed
up van der Waals contributions were studied by Hamaker [104, 105] for different macro-
scopic shapes. For AFM experiments usually a cone or a spherically shaped tip and a flat
extended surface are assumed [78, 86].

1.2.2 High resolution atomic force microscopy with functional-
ized tips

Gross et al. [2] succeeded to resolve the molecular structure of a single pentacene molecule
by attaching a single CO molecule to the tip apex. The chemical structure was investi-
gated on a copper (111) single crystal surface (Cu(111)) and on a bilayer (2Ml) of sodium
chloride (NaCl) grown on top of the Cu(111) surface.
Following this finding, it was of great interest to form a detailed understanding of the
enhanced resolution with CO-functionalized tips.
Moll et al. [106] analysed the contributions of the different forces to the signal of the fre-
quency shift map by comparing experimental results with DFT calculations. Their model
system of investigation was a single pentacene molecule adsorbed on a Cu(111) surface.
They could attribute the resolution of the corrugations of atomic dimensions in the imaging
process to the front CO molecule of the tip, while the rest of the tip could be omitted. It
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was found by Bartels et al. [107], that the CO molecule always adsorbs with the carbon
atom to the metal part of the tip with the oxygen being the frontmost atom on the tip
apex. The precise adsorption geometry of the CO molecule on the tip apex may vary. For
simplicity Moll et al. [106] used a CO molecule orientated perpendicular to the surface
plane.
By comparing the experimental results of the ∆f -maps with the calculations at different
heights, which were set constant during the acquisition of one map, different features in
the ∆f -maps could be ascribed to different force contributions. They attributed a dark
appearing halo surrounding the fine resolved structure to attractive van der Waals inter-
actions exhibiting no atomic corrugation. The force contribution resulting in the highly
resolved chemical structure of the pentacene molecule was found to be of repulsive na-
ture. This helped to narrow down the force contributing to the atomic corrugation to the
Pauli repulsion. The Pauli repulsion arises naturally from the Pauli exclusion principle.
The wave functions of the CO molecule and the pentacene molecule will rearrange when
brought together closer than a certain distance, preventing their overlap and resulting in
an increase of the kinetic energy of the system. The calculated Pauli repulsion exhibited
the atomic corrugation.
The two molecules need to be brought together closer than the distance of maximum at-
traction for atomic resolution due to Pauli repulsive interaction. Hence, it is very important
that no bond formation occurs during the approaching process of the two molecules. It
could be verified by calculations of Moll et al. [106] that this is indeed the case for a CO
molecule. The inertness of the CO molecule is important for the highly resolved images of
single molecules. If a bond formation would occur during the imaging process the image
would no longer represent information of the pristine molecule on the surface, but would
exhibit influences of the tip and structural changes would occur. Also the tip might pick
up the molecule from the sample if chemical bonding occurs.
The CO is not rigid on the tip apex and it reacts to lateral potential changes of the surface
by bending in different directions. As a result images look distorted and some features
appear exaggerated compared to reality. There are several publications that deal with the
the effects of the so-called CO-bending in the imaging process [108–113].
Adsorbing other species onto the tip apex may also increase the resolution, whereas the
bending effects may vary. Especially xenon (Xe) and oxygen (O) terminated tips are known
to produce less distortions in the images due to relaxation processes of the Xe on the tip
apex [114, 115]. Examples for different tip functionalizations are xenon, bromine, oxygen
atoms or methane molecules [109, 114–117].
Besides the mapping of anisotropic force contributions due to covalent bonding the possi-
bility of imaging hydrogen bonds was postulated by Zhang and colleagues [118]. However,
this assignment is controversial and different publications reveal systems with intermolec-
ular contrast in AFM images, where no intermolecular bonding was present [119–121].
For highly resolved images of single molecules it is often desired to image the molecule in
the pristine sate without any disturbance evoked by hybridization with the surface. Metal
surfaces are reactive and hybridization with the molecule may lead to distortion and devi-
ations from the pristine chemical structure. In contrast, inert insulating surfaces such as
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sodium chloride do not or do not strongly hybridize with adsorbed molecules, rendering
probing of the pristine structure possible in many cases. Therefore, it is often desired
to achieve a sufficient decoupling of the surface and at the same time still being able to
perform simultaneous STM and AFM measurements. For this purpose it is helpful to
evaporate few layers of sodium chloride onto the metal sample surface. When working
with a few monolayers of sodium chloride (two to three Ml usually) the molecules are
already decoupled from the metal surface and do not show severe hybridization effects,
while at the same time performing STM and STS measurements is possible without any
restrictions [122]. There are many publications investigating thin sodium chloride layers
on metal surfaces paving the way for routinely applying them in experiment [123–126].

1.2.3 Kelvin probe force microscopy and spectroscopy

The Kelvin probe principle, based on the concept of Kelvin [127], deals with metal plates
located in close vicinity to each other, which are in electrical contact, compare figure 1.4b.
As shown in the following, the difference of the work functions of the two metal plates
brought in close vicinity can be detected by the electric field between the two metals.
Zisman [128] introduced a detection mechanism based on minimizing an alternating cur-
rent component evoked by oscillating one of the metal plates brought in vicinity to the
other one.
Smoluchowski [129] investigated work function differences for different surfaces of the same
crystal. It was found that dipole moments on the surface double layer have an effect on
the work functions. Hence, the work function varies according to the geometry of the re-
spective surface. In general the probability distribution of particles may not end abruptly
at the termination of a bulk substance (surface). The differences in mass of electrons and
protons lead to different probability distributions in real space. The electron cloud pro-
trudes further into the vacuum than the proton distribution at the surface. This leads to
a surface dipole formation and in principal would lead to an increase of the work func-
tion for a simple flat surface. However, the volume protruding the surface is less confined
than in the average available volume segment per particle in the bulk and the electron
density protruding out of the surface plane smears out. This introduces an inhomogeneity
of the electron density distribution on the surface as compared to the bulk. As a result
the atomic cores are no longer screened sufficiently by the electron cloud at all positions
of the surface and at certain positions of the surface the work function is decreased. The
Smoluchowski effect [129] can be adapted to different surface geometries, including step
edges [130], to explain the varying work functions. The local effects on the work function
due to adsorbates [131, 132] can also be explained by introducing dipole moments and
charged states. For negatively or partially negatively charged adsorbates an image charge
in the bulk metal needs to be considered. The image charge and the charge on the surface
form a dipole and alter the work function locally. In general positive charges or partially
positive charges on the surface have a lowering effect on the work function, while negative
charges or partially negative charges exhibit an elevating effect on the work function.
To detect local variations of the work functions on a surface, a detection method with a
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Fig. 1.4. Schematic of the working principle of Kelvin probe force microscopy (KPFM). a) Two
electrodes are in close proximity with no electrical contact. The vacuum levels Evac align. And
the two work functions of the two electrodes differ by ∆Φ = ΦA − ΦB. b) Upon contacting the
two electrodes their Fermi levels align. An electrical field builds up, due to charge flow and the
presence of an attractive electrostatic force between the two electrodes. The voltage drop between
the two electrodes due to the electrical field, the so-called contact potential difference voltage,
Vcpd, corresponds to the difference in work functions, e · Vcpd = ∆Φ. c) Applying a voltage equal
to Vcpd compensates the electrical field which can be applied as a detection mechanism.

high lateral resolution is required. For this reason the AFM was employed. The difference
in work functions of the two electrodes, tip and sample, can be deduced from the electro-
static force contributions, on which the AFM is sensitive. Weaver and Abraham [133] and
Nonnenmacher et al. [134] were the first to apply the Kelvin method to the AFM. This
technique is called Kelvin probe force microscopy (KPFM) with the detected quantity be-
ing the force.
To understand the measuring principle, the geometry of the tip and the sample can be
omitted and a general capacitor approach can be applied. The energy of the electrostatic
contribution, Eel, can be expressed by,

Eel =
1

2
Cz(Vb − Vcpd)2, (1.18)

where Cz is the capacitance between the two electrodes exhibiting a z dependence and Vcpd

is the contact potential difference voltage. The contact potential difference (CPD) can be
expressed as the difference in the two work functions, ∆Φ, of the two involved electrodes,

e · Vcpd = ∆Φ = Φt − Φs. (1.19)

Here, the indices t and s, as specified previously, refer to tip and sample, respectively. In
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the results presented in this work the FM-AFM method is applied, with the cantilever
oscillating at its resonance frequency. This method is sensitive to the force gradient, see
equation 1.15. Note, that equation 1.15 is limited to the use of small amplitudes. From
the relation 1.15 one can deduce that the frequency shift contribution of the electrostatic
interaction, is proportional to the second derivative of the electrostatic energy contribution
with respect to the z-component,

∆f ∝ 1

2

∂2C

∂z2
(Vb − Vcpd)2. (1.20)

Expression 1.20 shows only the electrostatic contribution to the frequency shift signal.
However, important qualitative information can be deduced. Recording the frequency shift
as a function of the bias voltage will result in a parabola, the so called Kelvin parabola [123],
compare figure 1.6a. This parabola will have its vertex at the position of the bias voltage
V = Vcpd. The offset in the ∆f -axis of a recorded Kelvin parabola cannot be deduced from
expression 1.20, since it only shows the electrostatic contribution to the frequency shift.
As already discussed above there are several contributions to the overall force and hence
to the overall frequency shift, e.g. van der Waals interaction or Pauli repulsion. However,
only the electrostatic force contributions do vary when sweeping the bias voltage and the
others do not. Hence, they lead to a constant offset of the parabola in the ∆f -axis.
The second derivative of the capacitance with respect to z in expression 1.20 leads to
a high local resolution of the contact potential difference of a sample surface in KPFM
measurements. The highly locally resolved contact potential difference is referred to as
local contact potential difference (LCPD) [135]. The high resolution can be understood by
considering the dimensions of the cantilever/tip-vacuum-sample junction and their corre-
sponding contribution to the capacitance term of relation 1.20. In general, the width of the
gap in the z-axis is in the Ångström regime and the contribution to the overall capacitance
of the junction is small. However, according to the relation of 1.20 the frequency-shift is
not proportional to the capacitance, but to ∂2C

∂z2
. This means, changes in the capacitance

with respect to the z-axis and the dimensions of the junction in z have a significant impact
on the frequency shift. During KPFM measurements, the capacitance varies in the small,
several Ångström wide, gap region, leading to a dominant contribution to the detected
frequency-shift signal and resulting in a high lateral resolution of the LCPD. With the
same argument it can be understood, that smaller tip-sample separation distances lead
to a higher accuracy of the FM-KPFM results [136, 137]. Also in this context it can be
understood that the tip apex has a higher contribution to the measurement results in this
technique compared to areas of the tip, which have a larger distance to the sample surface.
The detection of the contact potential difference voltage can give information on the work
functions of the two electrodes, see equation 1.19. For this purpose the force contribution
of the electrostatic force needs to be minimized, the corresponding voltage is the contact
potential difference voltage.
Schematic 1.4 illustrates the Vcpd detection process in more detail. In panel 1.4a two metal
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electrodes in close proximity but with no contact between them are depicted. They have
different work functions, ΦA,B, and their vacuum energy levels, Evac, are aligned. The work
function of the tip is usually smaller than the work function of the sample, see assignment
of the electrodes in panel 1.4a.
In panel 1.4b the two metal electrodes are electrically connected. Hence, their Fermi lev-
els align. In the alignment process a charge flow occurs and an electrical field builds up.
The two separated electrodes exhibit a net charge of opposite sign and an attractive force
between the two electrodes arises.
In panel 1.4c the attractive electrostatic force between the two metal electrodes gets min-
imized by applying a bias voltage to compensate the electrical field. In the compensated
situation the vacuum levels align and the electrical field is nullified. The compensation
voltage applied equals the contact potential difference voltage, Vcpd. This voltage cor-
responds to the difference of the work functions, e · Vcpd = ∆Φ, of the two conducting
electrodes brought into contact.
There are two common detection principles with the FM-AFM, the frequency modulated
Kelvin probe force microscopy (FM-KPFM) and the frequency modulated Kelvin probe
force spectroscopy (FM-KPFS). With the first method maps of the Vcpd are detected over
a two-dimensional area of the surface by applying a lock-in scheme [133, 134]. For the
second method the tip is held at a fixed position in real space and the bias is swept over a
predefined range, so that a Kelvin parabola can be detected [123].
The frequency modulated Kelvin probe method generates LCPD values, which are in good
agreement with macroscopic measurements of the CPD [138]. For results of high lateral
resolution with few disturbing signal from the surrounding area a sharp tip is obliga-
tory [138, 139].
The lateral resolution can be improved in measurements with close distances between tip
and sample [136, 137]. However, the distance should not be too small as problems may
arise, such as high tunneling currents or unscreened core charges of single molecules due
to Pauli repulsion between tip and molecule [140]. Caution is necessary, as the bias is
altered to exclude bias induced localized charges or phantom forces on samples with high
resistivity [141, 142].

1.2.4 Charge states and electronic states on thick insulating films

The single-electron sensitivity is an important property of the AFM [136, 144] rendering
all the here mentioned experiments possible.
The detection of the Kelvin parabola can be utilized to gain information about the charge
state of an adsorbate and a change of its charge state can be detected [53, 55, 136, 143, 145–
150]. Moreover, the partial charge distribution within a single molecule can be deter-
mined [140, 151–153]. It is even possible to investigate more complex charging processes
including charge accumulation and transfer in molecular assemblies [143, 147, 148] or charg-
ing induced via mechanical deformation [154].

The Fermi level and the applied bias voltage determine the charge state of an adsorbate
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Fig. 1.5. Schematic energy potential perpendicular to the surface plane visualizing experiments
on thick insulating NaCl films (> 20 ML). Electrons can resonantly tunnel to electronic levels of
the adsorbate or to the vibrational excited higher lying levels indicated by the grey lines. Note
that the adsorbate is phononically coupled to the NaCl lattice. The electrons in the adsorbate
cannot tunnel through the thick insulating layers into the metallic substrate. The voltage drop
occurs to a large extent in the vacuum gap region, while a smaller voltage drop is observable in
the NaCl region. Both voltage drops add up to the applied gate voltage Vg. Schematic is not
drawn to scale. CB refers to conduction band and VB to valence band.
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Fig. 1.6. Schematic of charging processes detected by KPFS of adsorbates on thick insulating
layers. a) Three different Kelvin parabolas of a pentacene molecule adsorbed on a thick NaCl film
are displayed corresponding to three different charge states of the adsorbate: The singly positive
charged state is represented by the blue curve, the neutral charge state is represented by the black
parabola and the red curve corresponds to the singly negative charged state. The image is taken
from [143]. b) A Zoom-in of a hysteresis loop where a switching of one parabola to another one,
corresponding to a different charge state occurs. The grey area represents the voltage window
with high charge state switching probability. The switching of the adsorbate from the neutral to
the positive charge state has a different bias window compared to the switching from the positive
to the neutral charge state. Image is taken from [53] with slight modifications. c) Schematic of
experiments on thick insulating layers. The pentacene molecule may be charged or discharged,
but the electrons cannot tunnel into the metallic substrate. The schematic is similar to the one
in [56]. The arrows at the hysteresis loops in a) and b) indicate the direction of the voltage
sweep.
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on a metal surface. If an electronic level of an adsorbate lies above the Fermi level of tip
and sample, it will stay unoccupied. In contrast, if a formerly unoccupied orbital of an
adsorbate on a metal surface lies beneath the Fermi level of the tip, it will be occupied
by electrons tunneling from the tip to the orbital level. The electrons will subsequently
tunnel from the electronic level of the adsorbate into continuum states of the metal sample
if possible. If adsorbates on thin insulating layers are charged with an additional electron
occupying an electronic state above the Fermi level of the sample, the electron can tunnel
through these thin layers into continuum states of the metal sample.

Switching a charge state of an adsorbate on conducting surfaces can be realized and de-
tected by means of STM [155–158]. Even submolecular resolution of the electronic and
geometric changes upon charging single molecules can be resolved [159]. Sufficient decou-
pling from the surface can be achieved by evaporation of few insulating layers onto the
conducting surface [122]. The charging ability of an adsorbate relies on the level alignment
with respect to the Fermi level of the tip and the sample and adsorbate orbitals in vicinity
to the Fermi level of the sample can be permanently charged [155–157, 159].

On insulators with sufficiently large band gaps, gating of the sample is feasible with no
net tunneling current detectable at the substrate. Thick film insulating layers of more
than 20 monolayers can be evaporated onto metal substrates [143, 146, 160] to generate
this insulating effect where no electrons can tunnel from the tip or from the adsorbate
through the thick insulating layers into the metallic substrate on a relevant time scale for
the experiment, see figure 1.6c.
Figure 1.5 depicts this situation. If the Fermi level of the tip is high enough, so that
formerly unoccupied orbital level of adsorbates lie beneath it, the unoccupied level will
be populated by electrons tunneling from the tip (red arrow in figure 1.5). As opposed
to adatoms or molecules directly adsorbed onto metal samples, the electrons populating
the formerly unoccupied orbital cannot tunnel through the thick NaCl film into the metal
substrate. During the charging process vibrational and phononic excitations need to be
considered. Hence, an electron tunneling from the tip into the adsorbate may occupy vibra-
tional excited states, indicated by the blue region in figure 1.5. The phononic coupling to
the NaCl lattice plays an important role and high reorganization energies can be detected
upon charging of an adsorbate on thick insulating layers [53].
In figure 1.5 the applied gate voltage drops to a large extent in the vacuum gap region and
to a smaller extent in the thick NaCl film. The partial voltage drops sum up to the overall
applied gate voltage Vg, see figure 1.5. By choosing an appropriate gate voltage different
electronic level of the adsorbate can be addressed.

On insulators or thick insulating layers the switching of charge states of adsorbates can
be detected by means of KPFS. If an adsorbate alters its charge state, the corresponding
Kelvin parabola will switch to a parabola with a different vertex. The shift of the vertex
of the Kelvin parabola can be traced back to the alteration of the local work function
and hence the LCPD. The Kelvin parabolas for different charge states are exemplarily
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displayed in figure 1.6a for a single pentacene molecule adsorbed on thick insulating lay-
ers. Additional negative charges in an adsorbate introduce additional electrostatic force
contributions sensed by the cantilever in form of a lowered value in the frequency shift,
compare figure 1.6a. In these type of experiments the charge state of the molecule can be
manipulated, but no electrons can tunnel through the thick insulating layers to the metal
substrate, as schematically depicted in figure 1.6c.
A hysteresis loop can be detected for a charge state switching process, see figure 1.6b. This
means that the charging and the discharging are occurring at different bias voltages and a
bistable voltage window is existing inside the hysteresis loop.
The two switching processes of the charge state in the hysteresis are subject to some
stochasticity associated with the involved tunneling processes [53]. The grey areas at the
hysteresis loop of figure 1.6b indicate the range of different charging or discharging gate
voltages observed for a multitude of different bias sweeps.
The two involved charge states are almost degenerate at a voltage corresponding to the
center point of the hysteresis loop. However, the respective charging and discharging do
not occur spontaneously and the two states are metastable and do not interconvert on time
scales of the here commonly performed experiments. The reason why the two states may
not interconvert in the center of the hysteresis loop at sufficiently large tip-sample separa-
tion distances is due to the fact that an additional term in energy is needed to overcome
the Franck-Condon blockade [56, 161]. The most probable transition is usually not from
one electronic ground state to another, but to an vibrationally excited level. Only after the
transition, a relaxation to the electronic ground state of the new charge state occurs. The
difference in energy of the primarily occupied vibrationally excited state and the ground
state of the new charge state can be associated with the so-called reorganization energy.
During the relaxation process the atomic positions rearrange to a new geometry which is
the most stable one for the new charge state. Summing up over the energy differences
associated with the relaxation processes of both transitions involved in one hysteresis loop
(charging and discharging) yields the reorganization energy for this particular charge trans-
fer process [53]. For molecules adsorbed on an ionic lattice, here NaCl, the positions of the
lattice atoms, especially in the surrounding of the adsorbate, also need to be considered.
The sodium chloride lattice has a large impact on the value of the reorganization energy
which is for molecule-thick NaCl film experiments on the order of hundreds of meV [53, 54].

The investigation of a large variety of charge states, charge state transitions and charge
transfer processes of different adsorbates [53, 55, 143, 146, 148–150, 154] on insulators or
thick insulating layers is rendered possible by this technique.
Fatayer et al. [53, 54] were able to probe electronic states on thick insulating layers. By
detecting time traces of charge switching transitions of adsorbates at different gate voltages
they could derive single electron differential tunneling rates [53] from which broadened en-
ergetic levels of electronic states could be deduced. In addition to equilibrium states also
out-of-equilibrium states could be probed. Reorganization energies of a molecule insulator
system [53] and excited states [54] could be investigated with this technique.
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1.2.5 Alternate-charging scanning tunneling microscopy

Single electron alternate-charging STM (AC-STM) introduced by Patera et al. [55] is a
novel technique, which allows to map orbital structures of individual molecules as a func-
tion of their redox state (including out-of-equilibrium states). Even slight changes in the
density distribution of a respective orbital upon charging can be investigated [55, 150].
With common scanning tunneling techniques orbital mapping could be realized [122], but
this technique is limited to conducting surfaces or thin insulating layers grown on top of
conducting surfaces. For the AC-STM technique no net direct current (d.c.) flow needs to
be detectable at the substrate and insulators or thick NaCl films on top of metal samples
can be employed [55]. The thesis of Dr. Fabian Queck-Scharrer [163] and the publication
of Patera et al. [55] contain a detailed description of the AC-STM technique.

In FM-AFM conservative and non-conservative force contributions can be distinguished.
Conservative force contributions manifest themselves in a resonance frequency shift of the
cantilever, while non-conservative forces may lead to energy loss (or gain) in the motion
of the cantilever [78]. This dissipation can be detected in the damping channel recording
the additional energy, which is required in order to maintain the cantilever at a constant
amplitude.

Charging phenomena occurring on the time scale of the cantilever oscillation have been
realized for quantum dots [164–166]. The oscillation of the tip leads to the formation of an
alternating electrical field in the junction. Gating of the tip in proximity to a quantum dot
may lead to switching of its charge state depending on the cantilevers excitation amplitude.
As the process is driven by the oscillating tip at its resonance frequency, the switching of
the charge state occurs with comparable frequency and can be recorded in the damping
channel [167].

In AC-STM a voltage-pulse scheme is designed to steer single electron tunneling processes
with short voltage pulses (≈ 100 ns) of alternating current (a.c.) polarity and a pulse
height of Vac added to a direct current (d.c.) component (Vdc). This pulse train is fed to
the back-gate electrode at the substrate [55]. The voltage offset of the pulse, Vdc, is chosen
to be in the center of a charging hysteresis of a selected charge state transition process of
an individual molecule impeding the interconversion of the charge states in-between the
pulses, compare subsection 1.2.4. The pulse height, Vac, is chosen large enough to induce
charging and discharging of the molecule by the pulses of alternating polarity. The form
of the a.c. pulses is designed to avoid undesired excitation of the cantilever [55].
The pulse trains and accordingly the charging processes are synchronized with the can-
tilever oscillation, compare figure 1.7. As indicated in figure 1.7 the phase-relation of the
cantilever motion and the occurrence of the charging processes is well defined. Periodic
charging and discharging can be observed at the turnaround points of the cantilever with
this pulse scheme. One of the two different charge states in an oscillation cycle contains an
additional electron and can be distinguished in the measurements through an additional
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Fig. 1.7. Schematic illustrating the working principle of single electron alternate-charging STM
(AC-STM). Voltage pulses of opposite polarity synchronized with the cantilever motion are added
to a voltage offset, Vdc, inducing periodic charging and discharging of adsorbates beneath the tip
(green curve). Pulses occur at the set and at the reset position in time, marked in red and blue,
respectively. The processes occurring at the set position are responsible for the submolecular
resolution during imaging, whereas at the reset position the adsorbate is reliably set back to its
initial state without contributing to the submolecular resolution. The polarity of the pulse is
decisive for the type of transition. Charge states with an additional electron compared to the
other participating charge state, exhibit an additional electrostatic force contribution, see area
highlighted in red in the force versus time diagram. a) At the set position in time an electron
tunnels from the tip into the adsorbate. Hence, after Koopmans’ theorem [162] the electronic
state of A is mainly responsible for contrast formation. At the reset point in time an electron
tunnels back into the tip and the original charge state is recovered. b) At the set position in
time electron withdrawal from the adsorbate is induced. Hence, after Koopmans’ theorem [162]
the highly resolved contrast in the image can be assigned to the electronic state of A’. At the
reset point in time an electron tunnels from the tip into the adsorbate. The charging processes
happening at the respective set and reset points in time are illustrated in the top row of this
figure for the two pulse schemes of a) and b). The image was kindly provided by F. Queck-
Scharrer [163] and is displayed with slight modifications.



1.2. ATOMIC FORCE MICROSCOPY 29

force contribution of electrostatic nature visualized by the red area in the force versus
time curve in figure 1.7. This means the force acting on the cantilever differs during its
inward and outward movement in one oscillation cycle for this phase-relation leading to a
measurable signal in the dissipation channel [55].
The pulse scheme with respect to the cantilever motion is displayed in figure 1.7 for two dif-
ferent charging sequences, a and b. The pulse occurring when the cantilever has the largest
separation to the surface in its oscillation cycle is called set pulse. The pulse occurring
when the tip-sample separation distance is smallest in the oscillation cycle of the cantilever
is referred to as reset pulse. With the voltage pulse scheme in figure 1.7a, charging and
subsequent discharging during on oscillation period can be achieved which is indicated by
the model images depicted in the upper row of figure 1.7a. Equivalently, by changing the
polarity of the pulses, see voltage pulse scheme in figure 1.7b, discharging and subsequent
charging can be accomplished which is indicated by the model images depicted in the upper
row of figure 1.7b.
Now that the detection mechanism has been explained, in the following the spatial resolu-
tion is explained. The signal relies on the tunneling of single electrons between the tip and
the addressed orbital of the adsorbed molecule. In AC-STM an amplitude of one Ångström
is often chosen, resulting in a separation of the two turnaround points of one oscillation of
the cantilever by two Ångström in the z-axis and causing a change in tunneling probability
by roughly two orders of magnitude, compare subsection 1.1.1. As a result, for a wide
range of tip heights, the reset pulse can effectively discharge (charge) an adsorbate with
a success rate close to unity and almost irrespective of the lateral position of the tip [55],
while the set pulse can only charge (discharge) less efficient due to the reduced tunneling
probability by two orders of magnitude. This reduced tunneling probability leads to a
higher spatial resolution in conjunction with resonant tunneling to or from the addressed
orbital in the charging process which is further described in the next paragraph for the
scenario illustrated in figure 1.7a.
An electron has to tunnel from the tip to the LUMO or SUMO (singly unoccupied molec-
ular orbital) of an adsorbate to charge it. The spatial distribution of the electronic density
of the orbitals of molecules varies. Assuming a tip with s-character, the differences in
orbital overlap in the imaging process can be attributed to the laterally varying orbital
density distribution of the adsorbate. Hence, the varying orbital density distribution of
the adsorbate can be linked to position dependent enhanced or reduced tunneling proba-
bilities. An electron will tunnel preferentially to areas with high density of the respective
orbital and less preferentially to positions with low density of the respective orbital, such
as nodal planes. This local variation of the tunneling probability opens up the possibility
of mapping the density distribution of different molecular orbitals on insulating layers with
submolecular resolution. While the subtle differences of tunneling probability are overall
noticeable for the tip furthest retracted from the surface in one oscillation cycle, the tunnel-
ing probability at the turnaround point closest to the sample is chosen to be close to unity.
With a tunneling rate close to unity, the set pulse does (almost) not contribute to the
atomically scaled lateral corrugation of the signal [55]. Hence, the set pulse determines the
spatial signature with submolecular resolution, while the reset pulse resets the molecule to
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its former redox state without contributing to the submolecular resolution [55]. Therefore,
the detection mechanism is only sensitive to the redox-state transition at the set position.
The charging process contributing to the submolecular resolution can be chosen by se-
lecting a suitable polarity of the pulse at the set and reset position. In figure 1.7a a set
pulse with positive polarity is followed by a reset pulse with negative polarity. This will
result in an injection of an electron into the orbital of the adsorbate at the set position and
subsequent tunneling of an electron to the tip at the reset position. The contrast is then
dominated by the transition in conjunction with the injection of the electron (A + e− →
A’). The arrangement with both pulses being switched in polarity is shown in figure 1.7b.
In this arrangement the contrast is dominated by the transition in conjunction with an
electron tunneling from the molecule to the tip (A’ → A + e−). According to Koopmans’
theorem the electronic transitions responsible for contrast formation can be approximated
by the initial state of this transition [162].

Three advantages of this technique can be stated. Orbital structures of single adsorbates
can be directly probed on insulators, which could previously only be realized by means
of STM on conducting surfaces or on thin insulating layers evaporated onto conducting
surfaces. On insulators the coupling of the adsorbate to the substrate is usually minor
and often only phononic coupling plays an important role [49]. Therefore, as a second ad-
vantage, the adsorbates usually exhibit no or minor change in geometrical and electronic
structure upon adsorption on the insulator. A main reason for the low interaction between
adsorbate and insulator is inherently given by the electronic structure of the insulator
which possesses a large band gap. Due to the large band gap, electrons populating elec-
tronic levels of the adsorbate are not able to further tunnel into continuum states of the
substrate and are confined in the respective orbital. This bears the possibility of probing
different orbitals of the adsorbate with this technique by gating the Fermi level of the tip
with respect to the adsorbate insulator system. Hence, as a third advantage, the limita-
tions in conjunction with short time population of the electronic states of molecular or
atomic orbitals are revoked as compared to STS measurements on conducting surfaces and
various electronic states, including out-of-equilibrium states, can be probed.



Chapter 2

Experimental setup and methods

In this chapter information on the apparatus employed in the measurements is given. Fur-
thermore, the different procedures during sample preparation for various types of samples
are described and the modes of data acquisition are explained. The adaptations to improve
the sensor built-up with regard to the balance of the time required for built-up and the
performance are described and a new dual evaporator for chemical substances is presented.

2.1 Apparatus

Data acquisition was carried out with a home-built combined STM and AFM at low tem-
peratures (LT) and ultra high vacuum (UHV). The temperatures during the measurements
range from 5 K to 7 K and the pressure in the UHV environment is in the range of 1·10−10

to 5·10−11 mbar. The sensor used for the measurements is a commercially purchased qPlus
sensor [85, 90–92].
The apparatus consists of three separate vacuum chambers. The load-lock (I), the prepa-
ration chamber (II) and the measuring chamber (III), compare figure 2.1.
The load-lock can easily be brought to ambient pressure and serves for the insertion of
samples and evaporators. A turbo molecular pump (VI, figure 2.1) adjacent to the load
lock helps to quickly achieve a low pressure of down to 1·10−8 mbar.
In the preparation chamber the sample can be cleaned with a sputter gun, followed by
annealing cycles. Additionally, salt evaporators are permanently installed in this chamber,
to e.g. dose thin or thick films of sodium chloride onto a sample. Evaporators for subliming
small amounts of chemical substance onto the sample can be inserted via the load lock and
can be positioned directly in front of the shield surrounding the STM/AFM-scan head.
An ion getter pump and a titanium sublimation pump (V, figure 2.1) connected to the
preparation chamber ensures the maintenance of the low pressures.
In the third chamber the measurements are carried out. Directly above the STM/AFM-
scan head a liquid helium (lHe) and a liquid nitrogen (lN2) bath cryostat (IV, figure 2.1)
are mounted. By this the sample can be cooled down to temperatures of about 5 K to 7 K.
The investigation of single molecules on insulating layers can usually only be performed at
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III) measuring
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VI) turbo molecular pump 

(next to load lock, not visible)

Fig. 2.1. Apparatus consisting of three different chambers (load lock (I), preparation chamber
(II), measuring chamber (III)) with a liquid helium and a liquid nitrogen bath cryostat (IV)
above the STM/AFM-scan head. Required material can be inserted into the load lock. A turbo
molecular pump (VI) at the load lock can quickly build up a vacuum of down to 1·10−8mbar.
In the preparation chamber the pressure is held low with an ion getter pump and a titanium
sublimation pump (V). The liquid helium bath cryostat improves the vacuum even more so that
the pressure in the preparation chamber and in the measuring chamber are usually about 1·10−10

to 5·10−11mbar. Photograph courtesy of and kindly provided by Thomas Buchner.
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such low temperatures. At elevated temperatures the molecules first become mobile and
then desorb. The lHe bath cryostat contributes to ensure the stable low pressure in the
UHV chamber.
A more detailed description of the vacuum chambers and the scan head design is provided
by Münnich [168] and Neu [169].

2.2 Sample preparation

Single crystal metal substrates with specific surface terminations are employed. Metal sur-
faces vary in terms of work functions, growth processes, reactivity and catalytic activity.
These aspects are taken into account for choosing a suited substrate for a system under
investigation.
In this thesis often the copper (111) single crystal surface (Cu(111)) is chosen. Growing
sodium chloride of the amount of one monolayer at temperatures between 270 K to 290 K
on top of this surface will result in a half-covered sample with double layered defect free
(100)-terminated sodium chloride islands [124, 126].
A gold (111) single crystal surface (Au(111)) was employed for measurements, where a
weak interaction between the adsorbate and the metal surface was desired. The Au(111)
single crystal surface is regarded as relatively inert. Hence, in a lot of publications, where
metal surfaces were mandatory for the experiment, the Au(111) surface is employed in the
investigation of new reactive compounds, which should maintain a state comparable to the
gas-phase condition [10–12, 14–16, 40, 170–174].

As a first step in the preparation process the sample needs to be cleaned. This is re-
alized by several sputtering and annealing cycles. Sputtering is carried out with ionized
neon. After each sputtering cycle the sample is annealed to 770 K.

In some preparations thin- or thick-film sodium chloride adlayers are desired. Those are
sublimed onto the sample surface, with the sample being held at a certain temperature.
The amount of material sublimed onto the sample can be detected with a quartz crystal
micro-balance.
For thick-film sodium chloride preparations usually a coverage with more than 20 mono-
layers is required. For thin-film preparations a coverage of one to two monolayers is aimed.
For thin-film preparations of Cu(111) with a coverage of one monolayer of sodium chloride
the sample is held at temperatures between 260 K to 300 K during the sublimation process.
By choosing the temperature, the size and distribution of the islands on the surface can be
steered with a Cu(111) surface but care must be taken as for temperatures below about
175 K the islands crystallize in a random orientation [124]. Thick-film preparations of cop-
per are carried out with sample temperatures between 370 and 390 K. To suppress diffusion
of the salt over large areas of the gold surfaces, the temperature in those preparations is
held at 280 to 300 K for thin films and to 300 K for thick films.
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After these preparational procedures the sample is immediately transferred into to the
scan head where it is cooled down to lHe temperatures. In the scan head the sample
surface stays clean. If chemical compounds are dosed onto the cooled sample, they will
adsorb onto the sample surface and remain there. At these low temperatures diffusion of
single adsorbates on the surface is inhibited even on insulating layers, exhibiting much less
interaction with adsorbates compared to metal surfaces.

The chemical substance under investigation is sublimed in submonolayer amounts through
a pin-hole in the shutter onto the sample. By sublimation through the pin-hole the coad-
sorption of undesired material can be reduced resulting in a clean sample surface with
few isolated adsorbates of the substance of interest. The sublimation of the chemical com-
pounds is carried out with an oxidized Si-wafer which can be resistively heated up to about
770 K. Depending on the properties of the chemical substance, lower temperatures of the
Si-wafer are required. Due to the high resistivity of the wafer, the heat-up proceeds com-
parably fast and the chemical substance is sublimed into the vacuum. Additionally, the
geometry of the device is built in a way to prevent readsorption processes onto the Si-wafer
and the substance has a small overall residence time on the wafer at elevated temperatures.
The small overall residence time of the compound and the passivated surface of the Si-wafer
help to sublime the substance of interest without degrading or altering its structure. If the
substance possesses a high degree of impurity (compounds with a purity level < 90%) a
dual evaporator can be used. The substance is positioned in a heatable crucible. In the cru-
cible the substance can be degased by slowly raising the temperature. In a second step the
substance can be sublimed onto a Si-wafer, from where it can be sublimed onto the sample.
As opposed to the Si-wafer geometry, the geometry of a crucible favours readsorption pro-
cesses of the chemical substance in the sublimation process and hence leads to an increased
overall residence time on the surface of the crucible which may cause increased degradation.

For high resolution nc-AFM imaging CO-functionalized tips are required. Therefore, CO
molecules need to be coadsorbed at the sample surface. CO-gas can be dosed directly
into the load-lock. To estimate the right amount of adsorbed CO a product of pressure
and time is detected. Usually a decent coverage of CO (approx. one molecule per 100 Å2

surface area) is obtained for a product of 3.5 · 10−7 mbar · 3 s measured in the preparation
chamber.

2.3 Modes of data acquisation

In the combined LT-UHV STM/AFM apparatus simultaneous measurements of STM and
FM-AFM are possible. The bias or gate voltage is applied to the sample with respect to
the tip. The different modes of operation are described in the following.

In general, the relevant quantities in STM/S are the topographic signal, the tunneling
current and its derivative, dI/dV .
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Fig. 2.2. Schematic depicting the working method in constant-height and constant-current mode
of the STM. a) Constant-height mode: the tip scans with a predefined constant height over the
surface and variation of the tunneling current can be detected. b) Constant-current mode: By
keeping the tunneling current constant and detecting the variations in z the topography of a
predefined area can be detected. Large surface areas can be detected with one image in this
mode. The combined LT-UHV STM/AFM-apparatus can simultaneously detect STM and AFM
data. AFM data can be acquired in similar modes. The constant-∆f mode or the constant-height
mode. In the aforementioned mode a feedback loop ensures the maintenance of a constant ∆f
value, while the variation in z is recorded. In the latter mentioned mode the z-position of the tip
is held constant, while recording the variation of ∆f . In both modes the voltage is often set to
zero. The Image was kindly provided by Dr. Tobias Preis [175].
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Topographic images can be taken in a constant-current mode, see figure 2.2b. This means
that the position of the tip in the z-axis is adjusted with a feedback-loop, so that the
tunneling current remains constant. The variation of z provides the topographic informa-
tion. For a corrugated surface the tip has to be approached (retracted) at a position where
the surface is lower (higher) than the height at the former position of the tip, compare
figure 2.2b. In this mode it is possible to scan large areas of the surface. The information
encoded in the tunneling current is a convolution of distance dependence, DOS of the tip
and LDOS of the sample, so that the z-maps can often not be interpreted as purely topo-
graphic, compare section 1.1.1.

In constant-height mode, see figure 2.2a, the tip is held at a constant position in the
z-axis, while scanning over the surface. The current can be detected to obtain information
about electronic states of the surface, e.g. information about orbitals of single molecules
adsorbed on the surface [122].
In constant-height ∆f -images submolecular resolution can be achieved and the geometri-
cal structure of single molecules adsorbed on the surface can be detected [2]. The highly
resolved ∆f -images are often taken with CO-functionalized tips, which are obtained in a
standardized procedure [176]. Most commonly the ∆f -channel is recorded at zero bias.
Thereby, negative effects of the applied voltage on the system with finite resistivity [141]
and undesired effects on the adsorbate on conducting surfaces (and on thin insulating lay-
ers) due to inelastic excitations [177] can be prevented. Only if the applied voltage differs
from zero during the recording of a constant-height ∆f -image it will be mentioned here-
after.
In the constant-height modes only small areas of the surface can be scanned at once and
there is a risk to crash the tip because of local variations of the height. The chosen height is
usually not detected as absolute distance between tip apex and sample surface, s, but as a
relative value with respect to the set-point of tunneling current and applied voltage shortly
before the z-feedback is switched off, ∆z. The value is positive if the tip is approached
with respect to the set-point and negative if the tip is retracted with respect to the set-point.

On insulators no tunneling current can be recorded and another mode of operation to
scan large surface areas is required. For this the constant-∆f mode can be applied. Here,
the z-position of the tip is adjusted in a feedback-loop, such that the ∆f signal is constant,
while scanning over the surface. This technique may not only be of advantage on insula-
tors, but also if an applied bias voltage on conducting surfaces (or thin insulating layers)
inelastically excites adsorbates in the scan area, which then become unstable during the
imaging process [177]. In constant-∆f mode with zero voltage these inelastic excitations
can be prevented.

Various spectroscopic measurements can be carried out with the combined STM/AFM-
apparatus. In the framework of this thesis I-Vb-, dI/dV -V -, ∆f -z- and ∆f -V -curves are
recorded. Multiple curves can be detected along a line or along a dense grid [178, 179].
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Fig. 2.3. Images of different sensor mounting designs. a) qPlus sensor glued to a ceramic holder:
Wires connecting the sensor with the holder are glued b) qPlus sensor glued to a chip-carrier:
Wires connecting the sensor with the chip-carrier are bonded. c) Sensor mount on the ramp-ring
with ceramic take-over points and teflon wires d) Sensor mount on the ramp-ring with ceramic
insulated wires as feed-through at the insert e) Chip-carrier design mounted onto the insert with
a clamp. The stack on the insert consists of a ceramic plate, the excitation piezo, an additional
ceramic plate and a clamp out of stainless steel. The wiring from the chip-carrier to the ceramic
insulated feed-through are connected by soldering.

On insulators the AC-STM method (section 1.2.5), can be applied. Detailed informa-
tion on this method is already given in the sections 1.2.4 and 1.2.5. Damping versus bias
voltage curves, with applied AC-STM voltage pulses, are recorded to find a suited gate
voltage offset. To obtain information about the electronic structure of the adsorbate, the
damping channel is recorded while scanning over a surface area with alternating voltage
pulses. The important parameters, which need to be chosen for this type of experiment
are the tip sample distance, ∆z, the d.c. voltage offset, Vdc, and the width as well as the
height, Vac, of the alternating voltage pulses.

2.4 Sensor

The sensor is a qPlus sensor [85, 90–92]. It is made out of a specially cut quartz tuning
fork. The sensor has a stiffness, k, of around 1800 N · m−1 to ensure stable oscillations
at small amplitudes, at which the lateral resolution of FM-AFM images is typically high,
compare section 1.2. The sensor is glued onto a ceramic holder and a precut PtIr-tip is
attached to the cantilever, compare figure 2.3a. This ceramic holder is then mounted onto
an insert, which can in turn be screwed into the ramp-ring, see panel 2.3d,e. The ramp-
ring is positioned onto sapphire spheres, which are mounted on top of piezo-stacks which
can move the ramp-ring in x,y and z-direction [168, 169]. The insert can be adjusted to
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the right height with respect to the ramp-ring and afterwards secured with a lock nut. The
material of the insert is conductive (aluminium). Hence, care must be taken to not built a
conducting connection between the insert and the wires, which should run from the sensor
over the ceramic holder through holes in the insert to the respective connections in the
STM/AFM scan-head. Also take-over points need to be implemented after the run of the
cables through the insert holes.
As a first try, ceramic takeover points were built on the site of the insert opposite to the
sensor, see figure 2.3c. To avoid conducting contact with the insert, thin teflon insulated
wires were taken, which are compatible with the LT-UHV conditions of the apparatus.
The take-over points turned out to be unhandy and would break off from the insert easily.
Handling insulated wires on the sensor site of the insert also turned out to be unhandy
and not straightforward to replace if needed.
A new solution included ceramic insulated wires as take-over points. These were stripped
at the ends and then glued into the holes of the insert, see figure 2.3d. Thus a mechanically
stable and LT-UHV compatible solution is found. Additionally, the take over points on
the sensor far side are automatically created and the wires from the sensor to the ceramic
wire feed-through can be non-insulated.
An additional problem was the long preparation times for the built-up of a new sensor
mount. To improve this, the sensor was glued onto a chip-carrier and the formerly glued
wires from the sensor to the sensor mount could be bonded in a bonding machine, compare
panel 2.3b. These steps decreased the preparation time drastically. The connection from
the sensor mount to the ceramic feed-through, formerly glued as well, can be soldered in
this design. A stainless steel clamp with a screw was implemented to mount the chip-carrier
onto the insert. The stack on the insert consists of a ceramic plate, the excitation piezo, an
additional ceramic plate and the clamp, see figure 2.3e. In ambient conditions the resonance
peak appeared of comparable quality as in the old design, but at LT-UHV conditions the
quality factor was drastically reduced compared to the old design. By exchanging the
clamp design back to a glued design excellent quality factors can be obtained under LT-
UHV conditions, while still saving a lot of preparation time, due to the bonding and
soldering of the wires at the sensor side of the insert.

2.5 Dual evaporator

To have a clean preparation with single molecules in submonolayer amounts on a respec-
tive sample surface, purities of chemical compounds higher than 98 % are needed. Often
the chemical substances have lower purity, which is why a dual evaporator was built. It
consists of an crucible evaporator (I) and an oxidized Si-wafer (II), see figure 2.4a,b. Both
can be resistively heated independent from each other. The crucible evaporator has a ther-
mocouple close to its heating filament to detect the temperature. The amount of sublimed
substance can be detected with a quartz crystal microbalance.
The crucible can be filled with the chemical substance of interest under ambient conditions.
It is important that the chemical compound is rather stable with respect to high temper-
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Fig. 2.4. Images of the dual evaporator, a combination of crucible (I) and an oxidized Si-wafer
(II) evaporator and 7of the results of the sublimation. The chemical substance is filled into the
crucible. In the UHV preparation chamber the crucible is resistively warmed up and held at a
certain temperature to degas the chemical compound. This process may destroy the chemical
substance, which is why only thermally stable compounds may be chosen. After the purification
step, the crucible is heated up even more and the substance is sublimed onto the Si-wafer. Note
that the crucible is oriented in a way so that the clean substance can adsorb directly on the Si-
Wafer. In the next step the evaporator is brought into position and the substance is sublimed onto
the sample. a) Front view of the dual evaporator b) Side view of the evaporator. c) Constant-
height ∆f -image of a fragment of the molecule 1, after deposition of the substance with the
dual evaporator (∆z = 0.8 Å at an STM set-point of I = 0.5 pA and Vb = 1.0V). d) Laplace
filtered version of c), features assigned to the triple bonds could be resolved. e) Laplace filtered
constant-height ∆f -image of intact molecule 1, after deposition with a resistively heated oxidized
Si-wafer (∆z = 0.6 Å at an STM set-point of I = 0.35 pA and Vb = 1.0V). f) Constant-current
topographic image of the surface after deposition of species 1 with the dual evaporator. The
surface is clean, only CO molecules (black dots) and one molecule (in the dashed circle) can be
found in this area (I = 0.65 pA and V b = 1.5V). Images c), d) and e) are taken with a CO-tip,
image f) is taken with a Cu terminated tip.
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atures and does not have the tendency to thermally decompose or react with impurities.
Inside the UHV preparation chamber the crucible can be degased by warming it up. The
temperature needs to be raised slightly below the sublimation temperature.
After the degasing process is completed the Si-Wafer needs to be flashed at elevated tem-
peratures of about 820 K to clean it. Afterwards, the substance can be sublimed from the
crucible onto the Si-wafer. The crucible is oriented in a way that the substance is directly
shot onto the Si-Wafer, see figure 2.4b.
In a last step, the evaporator is positioned in front of the shutter of the scan head contain-
ing a sample and the chemical substance is sublimed from the Si-wafer onto the sample
surface.
First results of dosing species 1 onto the sample with the dual evaporator look promis-
ing. The sample surface is very clean, which can be seen in the topographic overview in
panel 2.4f. The amount of dosed species is below a monolayer coverage of the surface, as
desired. A single molecule on a salt layer is marked with a dashed circle in the overview of
panel 2.4f. High resolution imaging of the species with a CO functionalized tip is shown
in panel 2.4c and its Laplace filtered version is shown in panel 2.4d. Clearly the structure
can be related with the structure of the intact precursor dosed with a common oxidized
Si-wafer, which is displayed in panel 2.4e. By comparing the two images of figure 2.4d,e,
it can be deduced that the molecule displayed in panel 2.4d is a fragment of the precur-
sor 1, see also section 4.2. The fragmentation may be attributed to thermolysis during
the degasing and sublimation process. However, since the substance was stored for quite
a time before using and the attempt of dosing the substance directly after this deposition
with a simple oxidized Si-wafer failed, it is also conceivable that the substance degradated
during the storage time.
Nevertheless, the results reveal that a clean sublimation of a chemical substance can be
realized with this dual evaporator design if the respective substance is stable against ther-
molysis.



Chapter 3

Investigation of stable organic
radicals on a gold surface

The work presented in this chapter has been published in Angewandte Chemie.1 Parts of
the text are identical to the publication. The calculations presented in this chapter were
carried out by Dr. Laerte L. Patera in the course of the cooperation which resulted in this
paper. The two investigated Blatter radical derivatives were synthesized and kindly pro-
vided by Dr. Jonathan Z. Low in the group of Prof. Dr. Luis Campos from the Columbia
University. A related publication originated from a fruitful cooperation.2

The Blatter radical was first presented by Blatter and Lukaszewski [180]. It is a sta-
ble organic radical with the radical baring moiety being a benzotriazinyl unit.
In this Chapter the results of the investigation of two Blatter radical derivatives, namely
1-phenyl-3-[4-(thiomethyl)phenyl]-7-thiomethyl-1,4-dihydro-1,2,4-benzotriazin-4-yl (2) and
1,3-diphenyl-7-thiomethyl-1,4-dihydro-1,2,4-benzotriazin-4-yl (3), are presented. In the
experiments the species are adsorbed on a Au(111) single crystal surface and combined
STM/S and highly resolved nc-AFM measurements at LT-UHV conditions are carried out.
Beforehand, the topic is embedded in the literature explaining the important mechanism
behind the measurements, the Kondo effect, and elucidating essential stabilizing mecha-
nisms of purely organic radicals.

3.1 The Kondo effect in STM

The Kondo effect is a complicated many-particle phenomenon, which arises when a mag-
netic impurity interacts with the conduction electrons of a solid state object. The inter-

1L. L. Patera, S. Sokolov, J. Z. Low, L. M. Campos, L. Venkataraman, J. Repp. ‘Resolving the
Unpaired-Electron Orbital Distribution in a Stable Organic Radical by Kondo Resonance Mapping’. In:
Angew. Chem. Int. Ed. 58 (2019), 11063-11067.

2J. Z. Low, G. Kladnik, L. L. Patera, S. Sokolov, G. Lovat, E. Kumarasamy, J. Repp, L. M. Campos, D.
Cvetko, A. Morgante, L. Venkataraman. ‘The Environment-Dependent Behaviour of the Blatter Radical
at the Metal-Molecule Interface’. In: Nano Lett. 19 (2019), 2543-2548.
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c) d)
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Fig. 3.1. Schematics explaining the Kondo effect in STS experiments. a) Kondo screening
cloud: The magnetic moment of the impurity is screened by the spin of the bulk electrons. b)
Singly occupied atomic orbital (AO) of Ce (4f1) electronically coupled to the metal leading to
a broadening, ∆. The singly occupied AO is by |U | lower in energy than the doubly occupied
AO (4f2), with U being the Coulomb repulsion energy. The 4f1 and the 4f2 AO’s are distributed
around the Fermi energy with the 4f1 AO being lower in energy than the Fermi level, rendering
the single occupation of the 4f state possible. In this scheme no Kondo effect is considered yet.
c) Emergence of the Kondo resonance at the Fermi level through spin-flip exchange interaction of
the localized state with the continuum of the band states. d) Three different tunneling pathways
in STS experiments in a bias voltage window close to the Fermi level of the sample: 1) tunneling
into unoccupied states of the metal, 2) tunneling into the Kondo state and 3) tunneling into the
orbital of the adsorbate and subsequent tunneling to a state in the metal close to the Fermi level.
Schematic is taken from [181].

Fig. 3.2. Schematic of the Fano function
with different values for the form factor q.
For large q-values the peak shape approaches
a fully symmetric Lorentzian peak (predomi-
nantly tunneling into the Kondo resonance),
for q = 0 the peak represents a Lorentzian dip
(predominantly tunneling into metal states
at the Fermi energy) and for q = 1 the
peak has an asymmetric shape (contributions
from both tunneling pathways). Figure taken
from [182].



3.1. THE KONDO EFFECT IN STM 43

action manifests itself as a discrete energy level pinned to the Fermi level of the metallic
solvent. Early on, unexpected behaviour of the resistance was found in an experiment,
where a metal was successively cooled down. After passing a minimum in resistance,
the resistance of the substance under investigation increased with decreasing tempera-
ture [183, 184]. This phenomenon only occurred if magnetic impurities were dissolved in
the metal.
Anderson [185] applied a simple self-consistent Hartree-Fock treatment to investigate the
interaction between a bulk metal and a single magnetic impurity state. The theory should
not be regarded as a quantitative approach to predict properties of a certain system, but
important qualitative information was discovered. The competition of the Coulomb inter-
action and the matrix elements determining the interaction of the local state with the band
sates of the metal was accentuated by Anderson [185] as a first step towards the discovery
of the Kondo effect.
In contrast to Anderson’s method [185], the perturbative ansatz of Kondo [186] naturally
fits the many-particle problem, where the electron-electron interaction has an important
stabilizing role.
Kondo [186, 187] explained the mechanism based on an s-d interaction model for dilute
magnetic alloys [186]. The involvement of the Fermi sphere in the scattering process gives
rise to a term in the resistivity which depends logarithmically on the temperature with the
concentration of the magnetic impurity, c, as a prefactor, c log T [186]. This result could
reproduce the experimental results for negative values of the s-d exchange integral, J [186],
and for temperatures above the so-called Kondo temperature, TK [188].
The Kondo effect can also be described in terms of Fermi liquid theory for low tempera-
tures provided the fluctuations occur rapidly enough so that only electron renormalization
and interaction needs to be considered [189]. At low temperatures (< TK) the temperature
dependence of the resistivity changes its behaviour (∝ 1 − c( T

TK
)2) [181].

In general the effect of negative exchange integral J is a result of a large mixing of the
wave functions of the conduction electrons of the metal solvent with the d-electrons of the
magnetic solute [185, 186]. The balance between kinetic and potential stabilization effects
is decisive on the type of interaction observed in a system.
The antiparallel spin alignment (J < 0) is crucial for the dynamic interaction in the lo-
calized spin system. The spins of the conduction electrons of the host metal interact with
the localized spin of the impurity. An antiparallel alignment of the spin of the impurity
and the surrounding spins of the conducting electrons called Kondo screening cloud, as
depicted in figure 3.1a, screens the spin of the impurity and leads to a stabilizing term
in the kinetic energy. This type of interaction is of dynamic nature in form of exchange
processes accompanied by a spin-flip in the localized orbital of the magnetic impurity.
To understand this exchange processes in more detail a single cerium (Ce) atom adsorbed
on a metal surface is considered and it is only focussed on the interaction of the 4f atomic
orbital (AO). Figure 3.1b depicts the hybridization process of the singly and doubly oc-
cupied Ce 4f AO [181]. In the example depicted in figure 3.1b the 4f1 and 4f2 hybridized
AOs of a Ce adatom are distributed around the Fermi level separated by the Coulomb
charging energy U and broadened by ∆. Only the 4f1 hybridized AO lies below the Fermi
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level resulting in a single occupation of this AO on the respective surface. The peaks of the
hybridized singly and doubly occupied 4f AOs, depicted in figure 3.1b, are often referred
to as Coulomb-blockade peaks and can be detected in STS measurements [46, 190].
The single occupation of an AO or a molecular orbital (MO) might result in a Kondo-type
of interaction with the charge carriers of the host metal, depicted exemplarily for the Ce
adatom in figure 3.1c [181]. Two distinct exchange processes can contribute to the dynamic
many-body Kondo interaction. An electron of a continuum state close to the Fermi level
can tunnel into the 4f state resulting in a double occupation and subsequently an electron
of the 4f2 state tunnels back into an unoccupied continuum metal state close to the Fermi
level. Here, the importance of the antiparallel spin alignment of the electron from the
continuum state and the electron populating the 4f1 state reveals itself. The process is
depicted in figure 3.1c pathway 1. In the transition process of an electron in a continuum
state in the Fermi sea to the 4f state, the electrons close to the Fermi level in energy have
a lower transition barrier resulting in a higher transition probability. The second exchange
process participating in the Kondo interaction is emptying the 4f1 state by tunneling into
an unoccupied metal state close to the Fermi level and subsequent back-tunneling of an
electron of the metal close to the Fermi level back into the 4f1 state, depicted in figure 3.1c
pathway 2. Note that the two important transition processes contributing to the Kondo
interaction, depicted in figure 3.1c, both include a spin flip.
A narrow Kondo resonance emerges at the Fermi level, when considering many of such
exchange processes involving electronic levels of the metal close to the Fermi level, see
figure 3.1c. This many-body phenomenon has a screening effect on the localized spin and
results in an overall non-magnetic Kondo singlet state with the spin impurity being paired
with many electrons of the metal continuum states [181], compare with figure 3.1a. The
full width at half maximum (FWHM) of the Kondo peak, 2ΓK, bares important informa-
tion of the properties of the system and can be related to the Kondo temperature, TK,
which is a function of the Coulomb charging energy U , the energy of the singly occupied
orbital of the adsorbate, ϵf in figure 3.1b, and the broadening of the atomic orbitals upon
adsorption on the metal, ∆ in figure 3.1b [181]. For T= 0 K the Kondo temperature can
be written as [181],

TK =
ΓK

kB
. (3.1)

The advances in the field of nanotechnology led to an increased interest in the Kondo
effect [188]. The first experiments of the Kondo effect carried out by means of STS were
demonstrated by Li et al. [45] and Madhavan and colleagues [44]. A dip-like feature was
observed in the dI / dV -spectra in vicinity to the Fermi energy of the metal substrate if
the spectra were taken on top of a single magnetic adatom.
The temperature dependence of the peak shape is generally a good way to determine the
main mechanism responsible for the broadening of the peak. Nagaoka et al. [191] found
agreement of the temperature dependent broadening of the Kondo peak in a STS experi-
ment of a single Ti adatom on a Ag(100) surface with theoretical results of the temperature
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dependence developed in the framework of Fermi liquid theory with the Anderson impu-
rity model [185]. Through the agreement of experimental and theoretical results the main
scattering mechanism can be attributed to electron-electron scattering. The broadening of
the Kondo resonance at finite temperatures can be related to the Kondo temperature [191]
by,

ΓK(T ) =
√

(πkBT )2 + 2(kBTK)2. (3.2)

In this equation kB is the Boltzmann constant and T is the temperature during the ex-
periment. The Kondo temperature, TK, is the only free fitting parameter of equation 3.2.
Since the equation is derived from the Anderson impurity model based on the Fermi liq-
uid theory it is important to chose a suited temperature range, where the theory can be
compared to experiment. The temperature of the experiment should in general not be
much higher than the Kondo temperature of the system [189]. For temperatures above the
Kondo temperature the dependence of the resistivity was determined to be logarithmically
with temperature [186], as aforementioned.
To understand differential conductance measurements of the Kondo signature in more de-
tail, the different tunneling pathways of an electron tunneling from the tip into the system
under investigation should be considered at an applied bias voltage close to zero, see fig-
ure 3.1d [181]. The electron can tunnel into unoccupied states of the metal close to the
Fermi level, pathway 1 in figure 3.1d. Another pathway is the tunneling of the electron
from the tip into the Kondo state, pathway 2 in figure 3.1d. A third tunneling channel
in the considered system would be a co-tunneling process, pathway 3 in figure 3.1d. Con-
currently, an electron tunnels form the tip into the singly occupied 4f1 orbital and the
electron from the occupied 4f1 orbital tunnels into a continuos metal state close to the
Fermi level. This co-tunneling process is accompanied by a spin-flip event. Note that the
final state of this process has an altered spin state compared to the final states of the two
other processes.
Fano [192] defined a way to describe the interference of a discrete autoionized state with
a continuum of states, giving rise to a characteristic asymmetric peak. The theory can be
applied to describe the Kondo signature in STS experiments [44, 45, 191, 193]. Frota [194]
developed another formula to determine the shape of the Kondo resonance based on the
Fermi liquid theory.
The fit equation describing the Fano line shape, applicable for STS measurements, is given
by [57, 192],

dI

dV
= A + B · (q + ϵ′)2

1 + ϵ′2
(3.3)

with ϵ′ =
(eVb − EK)

ΓK

.
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Here, A and B denote fit parameter of the background and the peak amplitude and ϵ′ is
a normalized energy with EK being the position in energy of the Kondo resonance with
respect to the Fermi energy. The important parameter to understand more about the
different contributions of the tunneling processes to the interference peak of the Kondo
signature in a differential tunneling conductance spectrum is q, the so-called form param-
eter.
A contribution to the quantum interference term can only stem from the two tunneling
channels ending up in the same quantum state, which are the tunneling pathways 1 and 2
depicted in figure 3.1d. The third tunneling pathway (3 in figure 3.1d) does not contribute
to the interference peak.
The value of the form factor is decisive for the shape of the peak, as displayed in figure 3.2.
It carries information on the amount of contribution of the different tunneling channels (1
and 2 in figure 3.1d) to the overall peak shape. The form factor, q, is a function of the
tunneling matrix elements of the transition to the discrete Kondo state and the transition
to a continuum conduction-band state at the Fermi energy [182, 192]. For high q values
(for example: figure 3.2, q = 100) the peak shape approaches a symmetric Lorentzian peak
with, in a simple picture, the dominant tunneling pathway being tunneling into the Kondo
resonance [181]. For q = 1, shown in figure 3.2, the peak shape is asymmetric and both
tunneling channels contribute (1 and 2 in figure 3.1d). For q = 0 the peak has the form
of a Lorentzian dip often indicating tunneling into metal states at the Fermi energy being
the dominant contributing tunneling channel [181].
A Lorentzian dip-like feature was found in the differential conductance spectrum of Li et
al. [45] (Ce adatoms on Ag(111)) and of Madhavan et al. [44] (Co adsorbates on Au(111))
on top of the adsorbates. The q value of the fit of close to zero was thought to indicate that
the dominating tunneling channel in the measurements was tunneling into metal states at
the Fermi energy. Madhavan et al. [44] determined the change of the peak shape with
laterally moving the tip away from the center of the adatom towards the bare metal sur-
face. The peak changes from a symmetric dip to an asymmetric shape until it vanishes.
This highlights the lateral confinement of the Kondo state and the variation of the peak
shape might be rationalized by assuming a constant tunneling rate for the tunneling to
the continuum metal states and a laterally varying tunneling rate for the tunneling process
into the Kondo state [44].
However, closer investigation of Madhavan et al. [182] strongly suggest the tunneling path-
way into the Kondo state to be determining, despite the dip-like feature usually being
assigned to a dominating tunneling into the metal states. Spectroscopic measurements
at different tip heights were carried out and it was found that the Kondo peak remained
almost unchanged over a large range of different heights, an unexpected behaviour for tun-
neling processes into the metal states [182]. In the experiment of Manoharan et al. [195]
a single Co atom was positioned at the focal point of an ellipse built of other Co atoms.
Since at the second focal point of the ellipse, where no Co atom was positioned, a sec-
ond Kondo peak could be detected with a reduced intensity, this experiment might hint
towards tunneling into the Kondo state playing an important role. Concluding one might



3.2. STABLE ORGANIC RADICALS 47

say that developing a qualitative understanding of the contribution of the different tunnel-
ing channels to the overall Kondo interference peak is not straightforward. It should also
be pointed out that the LDOS of the metal surface might vary and hence the contribution
of direct tunneling into continuum states of the metal sample might also change. There
are several publications investigating the environment and the effect of the LDOS on the
fit parameters q and TK [182, 196, 197].
The Kondo temperature of a certain system, with respect to other reference values, can
reveal information about the strength of the interaction of the magnetic impurity with its
surrounding [198, 199]. In general, measurements of the Kondo temperature of magnetic
impurities embedded in the bulk metal strongly deviate from measurements determined of
adsorbates on a conducting surface [44, 182]. The reason for this is that impurities in the
bulk have more neighbouring atoms and the interactions with those sum up to a larger
overall interaction than for adsorbates on a surface.
Due to experimental limitations with regard to the STS method it is not straightforward to
determine the Kondo temperature with a high accuracy [193]. Different modulation volt-
ages, varying temperature of the tip or different bias voltage windows selected for the fit
can lead to pronounced variations of the fit result for the Kondo temperature [193]. While
the first issue can be fixed by executing the measurements at low modulation voltages, the
exact tip temperature cannot be detected easily in most STS setups.
Nevertheless, the Kondo signature is a good and versatile tool to investigate spin systems
on surfaces with the advantage of submolecular resolution. A very engaging field of re-
search deals with magnetism in graphene nanoribbons (GNRs). Interesting behaviour was
found for atomically precise armchair edge GNRs (AGNRs) adsorbed on a Au(111) surface
with a porphyrin-based magnetic molecule, TBrPP-Co, coadsorbed on the surface [200].
The TBrPP-Co molecule exhibited similar Kondo signature directly adsorbed on the metal
surface and adsorbed on top of an AGNR, even though the AGNR lead to a separation of
the metal organic molecule and the metal surface of about 7.5 Å.
In another publication of Li et al. [42] a Kondo resonance peak could be found at the junc-
tion of fused chiral GNRs directly adsorbed on Au(111) without coadsorbing additional
magnetic adsorbates.
There are many different physical concepts to introduce magnetism to purely organic sys-
tems. Among them are introducing a sublattice imbalance in a nanographene structure
through geometric considerations or by introducing defect sites [14, 51, 170]. Another
approach is to introduce topological frustration [170].

3.2 Stable organic radicals

Stable organic radicals are known to be synthesized for 150 years [203]. They regained a lot
of interest for spintronic applications [204, 205]. Low energy dissipation in spin information
processing and high conductivity at low voltages due to Fermi level pinning of the radical
state [206–209] makes open-shell systems interesting for memory, transport and switching
devices.
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Fig. 3.3. Schematics explaining the conjuga-
tive stabilization of a radical center in an or-
ganic molecule. a) Conjugative stabilization
with a π-system adjacent to the radical site.
b) Conjugative effect explained in terms of
the valence-bond (VB) model. Schematics are
adapted from [201] with slight adjustments.
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Fig. 3.4. Schematics explaining the hyper-
conjugative stabilization of a radical center
in an organic molecule. a) Hyperconjugative
interaction with an C-H bond in α-position
to the radical center. b) Hyperconjugative
effect illustrated in the VB-model with no-
bond resonance forms. Schematics are adapted
from [201] with slight adjustments.
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Fig. 3.5. Schematics explaining the stabiliza-
tion of a radical center in an organic molecule
by a heteroatom. Exemplarily an oxygen atom
is employed as a heteroatom in this schematic.
a) Stabilizing interaction with a vicinal het-
eroatomic free electron pair. b) Heteroatomic
stabilization visualized in the VB-model with
a zwitterionic resonance form. Schematics are
adapted from [201] with slight adjustments.
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Fig. 3.6. a) Reversible formation reaction of a trityl radical out of a Gomberg hydrocarbon,
adapted from [201] with slight adjustments. b) Trityl radical derivative with no tendency to
dimerize due to steric hindrance, adapted from [201] with slight adjustments. c) Organic radicals
employed in reference [202]
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Two important types of relaxation need to be considered when investigating open-shell
compounds. These are spin-lattice and spin-spin relaxations and the related relaxation
times are the population relaxation time (T1) and the phase memory time (T2), respec-
tively [210–212]. While a long T1 relaxation time is especially important for information
storing, the T2 relaxation time for example needs to be considered for spin based informa-
tion processing [210].
Stable organic radicals are a group of open-shell systems of high importance, because they
lack efficient mechanisms for spin-relaxation [210–212]. Usually the main mechanisms of
spin-relaxation include spin-orbit coupling and hyperfine interaction, both are weak in or-
ganic molecules possessing no heavy atoms and few atoms with net nuclear spin [204, 205].
Studies with organic molecules show applicability in transport [204, 205, 209, 213, 214] as
well as switching and memory processes [205, 206, 208]. Even potential application for
spin filters is revealed theoretically [215].
Metal organic compounds are often investigated from the view of spintronic applica-
tions [210–212], since in a lot of metal organic compounds the spin-relaxation is slow as
well. The group of metal organic radicals comprises well characterized stable compounds
and the spin can be easily introduced with a metal atom. There are even studies where the
spin can be delocalized towards the organic ligands of a metal organic radical [216, 217].
However, substances which are stable at ambient conditions or elevated temperatures with
even higher spin relaxation times need to be found. For purely organic radicals a large
variety of stabilization mechanisms of the radical sites is already known, which is a good
starting point for engineering compounds applicable to spintronic devices. The radical
character of a chemical compound must survive even upon contacting with a metal elec-
trode in spintronic applications.
To engineer stable or persistent radicals, it is important to understand the underlying sta-
bilization mechanisms. Persistent means sufficiently long-lived but not isolable [218]. With
the stabilization mechanisms for organic radicals interactions with surrounding compounds
and the surface can be foreseen and the electronic structure can be anticipated.
The stabilizing mechanisms can be subdivided in conjugative and hyperconjugative effects,
stabilization via substituents with free electron pairs and destabilizing of potentially formed
bonds at the radical center such as the bond pairing the radicals to dimers.
If a π-conjugated system adjacent to a radical site in an organic molecule has a suited
orientation the radical site can be stabilized. This stabilizing effect is termed conjugation
and results from an interaction of a π-system with the n2pz AO of a carbon centred radical.
This interaction type is depicted schematically in the MO-model in figure 3.3a. If the
π-system is oriented in the right way with respect to the radical site a π-type of overlap
can occur between the πC=C and the n2pz orbitals (2nd interaction in figure 3.3a) as well as
between the π∗

C=C and the n2pz orbitals (1st interaction in figure 3.3a), resulting in an over-
all lowering of the energy of the system. A conjugated system starting at the Cα position
to the radical site, such as in allyl or benzyl radicals, have the right parallel orientation of
the π and π∗ MO with respect to the n2pz AO so that this type of interaction may occur.
The amount of delocalization and hence the amount of stabilization to the system can
be estimated by the number of possible resonance structures and their relative weighting.
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Exemplarily, the different resonance structures describing the overall delocalization of the
radical site of a benzyl radical are shown in figure 3.3b.
A similar stabilizing effect but smaller in magnitude is the hyperconjugation occurring for
(poly)alkylated radicals. Here, a vicinal non-orthogonal σC-H bond can overlap with the
singly occupied n2pz orbital. The alignment of the two interacting orbitals is not parallel
due to the sp3-hybridization of the carbon in α-position to the radical site. This deviation
from the parallel alignment leads to a reduced interaction and a reduced stabilization as
compared to an adjacent conjugated system. The interaction of the σC-H orbital is signifi-
cant, whereas the interaction with the antibonding σ∗

C-H orbital is negligible. The reason for
the latter interaction being negligible is that the symmetry of the σ∗

C-H orbital is not suited
for a π-type of overlap with the n2pz orbital, compare figure 3.4a. The stabilizing effect
due to delocalization of the MOs can again be expressed in terms of resonance structures.
In this case the residues at the radical center are sp3-hybridized and so-called no-bond
resonance forms have to be employed, which add up to an overall smaller stabilizing effect
compared to the common resonance structures (e.g. structures in figure 3.3b). An example
visualizing the stabilizing effect of alkyl residues at the radical center in the VB-model is
shown in figure 3.4b for the ethylene radical.
Heteroatoms in α-position to the radical site also have a stabilizing effect. The lone pairs
of these heteroatoms can overlap with the singly occupied n2pz orbital of the radical center.
The MO-scheme depicted in figure 3.5a has similarities to the one of the hyperconjuga-
tive effect, depicted in figure 3.4a. The two orbitals depicted in figure 3.5a are again not
perfectly parallel aligned resulting in a reduced overlap. The amount of stabilizing energy
strongly depends on the species of the heteroatom. The less electronegative the species, the
more available is the lone pair in terms of delocalization towards the n2pz orbital. Nitro-
gen atoms are one of the common heteroatoms in organic molecules exhibiting comparable
low electronegativity, making them great substituents to the α-position of C-centred radi-
cal species. In the VB-model the additional stabilization gain due to interaction with the
lone pairs of an adjacent heteroatom can be expressed by zwitterionic resonance structures.
The zwitterionic resonance structures are shown for the aminomethyl radical in figure 3.5b.

Another important aspect is the stability of a potentially formed bond at the radical
center. If the bond is weak and only a little to no lowering in energy comes along with the
bond formation, this process is energetically not favourable and the yield of the respective
product is usually negligible. For engineering stable organic radicals this is often an im-
portant aspect.
One possibility of protecting the radical site and preventing bond formation at this position
is introducing bulky side groups, which shield the radical carbon from other potential re-
action partners. A well known example for this stabilizing effect based on steric hindrance
is the trityl radical (triphenylmethyl radical) which builds out of the Gomberg hydrocar-
bon by homolysis, see figure 3.6a. In thermal equilibrium at ambient conditions the trityl
radical is present in quantities of about 2 mol% [201]. The reason is a stabilizing effect of
the radical due to a conjugative effect and more importantly due to steric hindrance. The
phenyl groups are tilted resulting in a propeller-like geometry, see e.g. figure 3.6b, hinder-
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ing other compounds to access the radical center and weakening the bond in the dimerized
form. In this geometry the overlap of the orbitals participating in the conjugative effect is
significantly reduced. Hence, for most trityl radical derivatives the driving force to built
the organic radical is the steric hindrance not the conjugative effect.
Protection against dimerization at the radical site can also be achieved by employing het-
eroatom centred organic radicals. A reason for the higher stability of heteroatom centred
radicals is that the dimer bond between the heteroatoms, e.g. a N-N or a O-O bond, is
often much weaker compared to a C-C covalent bond due to the lone pair repulsion [203].
Additionally, heteroatom centred organic radicals are usually less reactive to molecular
oxygen, due to their relative high electronegativity [203], which is a significant limitation
for the stability of carbon centred radicals.
In conclusion, to understand the transient nature of most radicals it is important to con-
sider their possible reaction pathways. The most common are dimerization, hydrogen
abstraction and disproportionation [203]. Most importantly, in terms of radical stability
the environment of the radical is crucial.
As already mentioned for potential spintronic applications it is important that the organic
molecule retains its open-shell configuration upon contact with metal electrodes. A lot
of different aspects can influence and alter the electronic configuration after adsorption
or bond formation with the metal, which are not always straightforward, e.g. different
adsorption geometries [219, 220] or different adsorption sites [197, 221]. The specific inter-
action at the interface between the organic and the inorganic compound is crucial [204].
This means a thorough investigation of the specific system is mandatory to decide if it is
employable to spintronic applications. Numerous reports investigate the electronic configu-
ration of organic radicals upon adsorption onto a specific surface [205, 222] and the radical
character is often preserved upon adsorption onto relatively inert gold surfaces [222–224].
However, most experimental techniques to investigate these interfaces are averaging over
a large ensemble of molecules and valuable information can be lost. In contrast, STM/S,
AFM and STM break junction (STM-BJ) [225, 226] do not average over a large ensemble
of molecules and single molecules in specific environments can be studied to form a detailed
understanding of the site specific radical-metal interactions.
A preservation of the open-shell character in single molecule break junctions was found for
electrostatic interactions of a perchlorinated trityl radical with the gold electrodes [227]
and for covalent bond formation of a gold atom of the electrode with the perchlorinated
trityl radical [228].
A lot of metal organic compounds have been investigated on different surfaces by means
of STM/S [46, 198–200, 229–235]. In most cases these radicals retain their open-shell
structure upon adsorption. In some cases the spin delocalizes into a π orbital of a lig-
and [230–232, 234]. STM/S investigation revealed that depending on the hybridization
with the surface and the charge transfer between surface and adsorbed molecule, organic
compounds can exhibit an open-shell configuration upon adsorption without having radical
character in the gas phase [193, 219–221]. Even highly delocalized unpaired spin states
can be found in (charge-transfer) assemblies on surfaces [158, 236, 237].
However, few STM/S studies of purely organic, stable radicals exist, where stable refers
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to being able to isolate the chemical compound and demonstrating its stability in a va-
riety of different environments. Some typical representatives of this group were investi-
gated by means of STM/S and the persistence of the open-shell character could be con-
firmed [47, 202, 238, 239]. Others were investigated by STM but the radical character was
confirmed by other methods [240, 241]. A detailed presentation of the important groups
of stable organic radicals would go beyond the scope of this work. However a detailed and
comprehensive description can be found by Hicks [203].
Liu et al. [202] were able to compare two similar stable organic radicals, one possessing
an oxoverdazyl unit and the other one a thioxoverdazyl moiety, see figure 3.6c. While the
oxoverdazyl radical derivative retained its radical nature on a gold surface, the thioxover-
dazyl radical lost its open-shell configuration upon adsorption. Liu et al. [202] argued that
the strong interaction of the sulphur atom with the gold surface most probably resulted
into changes of the electronic structure of the thioxoverdazyl derivative and the loss of the
radical character upon adsorption.
In conclusion, a lot of different influences upon adsorption of radical species on different
surfaces may lead to an alteration of the electronic structure of the adsorbate. Hence, with
regard to the open-shell structure of a radical in a specific system a thorough investigation
of the whole system at best with highly spatially resolved methods is needed.

3.3 Investigation of two Blatter radical derivatives

In this section, the investigation of two Blatter radical derivatives by means of combined
STM/S and nc-AFM measurements are presented. The class of stable benzotriazinyl
radicals was named after their first synthesizers, Blatter and Lukaszewski [180]. The
two herein presented Blatter radical derivatives are 1-phenyl-3-[4-(thiomethyl)phenyl]-7-
thiomethyl-1,4-dihydro-1,2,4-benzotriazin-4-yl (2, figure 3.8) and 1,3-diphenyl-7-thiome-
thyl-1,4-dihydro-1,2,4-benzotriazin-4-yl (3, figure 3.11). The two highly pure compounds
were synthesized by Dr. Jonathan Z. Low in the group of Prof. Dr. Luis Campos from the
Columbia University with a description of the synthesis details in the publication of Low
and colleagues [43].

Representatives of the Blatter radical family have been found to endure high tempera-
tures with decomposition temperatures of 561 K, which were higher than their melting
point of 433 K [242]. The C7 position of the benzotriazinyl unit (compare figure 3.8a and
figure 3.11a for general labelling) exhibits low stability against oxidation. Protecting this
carbon site leads to high oxidative stability [242]. Overall, the class of Blatter radicals
comprises purely organic radicals displaying high stability against temperature and oxida-
tion and derivatives that are stable in air and in water can be found [243].

The stability can be understood by exemplarily applying the formerly described general
stabilization mechanisms to the here investigated species 2. The Blatter radical 2 is an
N-centred radical and the bond, which would form upon dimerization of two molecules of
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Fig. 3.7. Resonance structures of species 2. Out of a large number of existent resonance struc-
tures, these four were picked to describe the delocalization process on the radical site in detail.
The rightmost three resonance structures show the delocalization of the radical over all three
nitrogen atoms in the cyclic system. The remaining leftmost resonance structure illustrates ex-
emplarily the delocalization of the radical over the annulated ring. There are additional resonance
structures showing the radical delocalization in the annulated ring which are not shown here.

Fig. 3.8. a) Structure of the Blatter radical
derivative 1-phenyl-3-[4-(thiomethyl)phenyl]-
7-thiomethyl-1,4-dihydro-1,2,4-benzotriazin-4-
yl (2). b) Model of structure 2 oriented to
fit the nc-AFM image in c) enlarged by 22%
with respect to the scaling in c). -SMe and
-SMe’ refer to thiomethyl groups, Ph refers
to the phenyl group, -PhSMe refers to the
(thiomethyl)phenyl group and BtA refers to
the benzotriazinyl unit. c) ∆f -image acquired
in constant-height mode on a Au(111) surface
with a CO-tip (∆z = 2.4 Å from the STM
set-point of I = 0.7 pA at Vb = 0.5V). d) Cor-
responding Laplace filtered ∆f -image of c).
Images and gas-phase geometry calculation
(depicted in b) on the basis of [57].
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Fig. 3.9. Electronic properties of the Blatter radical 2 adsorbed onto the Au(111) surface. All
experimental data displayed in the figure is acquired with a metal tip. a) In-gap constant-current
STM image of a single molecule of species 2 (STM set-point of I = 3.8 pA at Vb = 0.1V).
b) Constant-current STM image of 2 acquired close to zero bias voltage (STM set-point of
I = 1.9 pA at Vb = 5mV). c) Spatially dependent dI / dV -spectra on the Blatter radical 2
with a modulation voltage of Vmod = 1.5mVpp (STM set-point for opening the feedback loop:
I = 12.0 pA and Vb = 0.1V). The coloured markers in b) indicate the tip position used for the
different spectra. The Fano fits are shown as black solid lines and the spectra are vertically shifted
for clarity. Solid blue ticks indicate the zero conductance level of the topmost blue spectrum. d)
Calculated SOMO (singly occupied molecular orbital) contour of the gas-phase molecule 2. The
model of the molecule is rotated in a way to fit to the STM images of a) and b). e) Simulated
constant-height STM image probed with an s-like tip wave function at a distance of 6 Å. f)
dI / dV -spectrum taken in the center of a Blatter radical 2, compared to a reference spectrum
taken over the bare Au(111) surface with a modulation voltage of Vmod = 30mVpp (STM set-
point for opening the feedback loop: I = 5.0 pA and Vb = 0.5V). The two spectra are normalized
by their maximum values. All images and spectra are taken from [57] with changes in the colour
coding for consistency.
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Fig. 3.10. Investigation of the dimerization
process after annealing the Au(111) sample
to 300K. All experimental data is acquired
with a metal tip. a) Constant-current STM
overview after the annealing process (STM
set-point of I = 3.0 pA at Vb = 0.1V). b)
Highly resolved constant-current STM image
of the dimer of 2 acquired close to zero bias
voltage (STM set-point of I = 1.9 pA at
Vb = 5mV). c) Model of the Blatter dimer
oriented in the same way as the dimer in b).
d) Molecular electrostatic potential (MEP)
map of the gas-phase molecule oriented in the
same way as the dimer in b). e) Example
of one dI / dV -spectrum taken on the cen-
ter of one of the Blatter radicals 2 (indicated
by the blue marker in b) exhibiting the same
spatial dependent line shape as the isolated
molecules in figure 3.9 c). The modulation
voltage is Vmod = 1.5 mVpp (STM set-point
for opening the feedback loop: I = 12.0 pA
and Vb = 0.1V). The Fano fit is shown as a
black solid line. The figure is taken from [57]
with slight changes in the colour coding of the
model in c) for consistency reasons.
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Fig. 3.11. a) Structure of the Blatter rad-
ical derivative 1,3-diphenyl-7-thiomethyl-1,4-
dihydro-1,2,4-benzotriazin-4-yl (3). All ex-
perimental data presented here is acquired
with a CO-tip on a Au(111) surface. b)Model
of structure 3 oriented to fit the nc-AFM im-
age in c) and d). The adsorption geometry is
not calculated and should only serve as a guide
to the eye helping to understand the presented
nc-AFM images. c) ∆f -image acquired in
constant-height mode (∆z = 2.0 Å from the
STM set-point of I = 1.1 pA at Vb = 0.15V).
A CO molecule is lying close to the Blatter
radical 3 of this image. d) ∆f -image acquired
in constant-height mode (∆z = 2.4 Å from the
STM set-point of I = 1.1 pA at Vb = 0.1V).
e) Corresponding Laplace filtered ∆f -image
of d).
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this species, would be weak due to lone pair repulsion [201, 203]. Additionally, the electron
density of the radical is highly delocalized in the cyclic conjugated ring system and hence
less available for participating in any type of chemical reaction. The conjugative effect is
drastically enhanced in the ring system, since the overlap of the orbitals contributing to
the conjugative stabilization of the radical site is maximized in this geometry [203].
A large number of resonance structures contributing to the overall electronic state can be
found. Figure 3.7 depicts four of these, which serve as a good basis to discuss the effect of
delocalization on the radical site in more detail. The rightmost three resonance structures
illustrate the delocalization over all three nitrogen atoms. For the rightmost resonance
structure a zwitterionic resonance structure has to be employed in order not to violate the
octet rule. The delocalization of the spin density over all three nitrogen atoms in the ring is
commonly know in literature, as is the delocalization of the spin density into the annulated
ring [203]. The first, leftmost resonance structure in figure 3.7 exemplarily describes the
delocalization process of the unpaired electron into the annulated ring. There are addi-
tional resonance structures showing the radical delocalization in the annulated ring, which
are not shown in this figure.
Understanding the delocalization of the spin density into the two freely rotatable phenyl
groups (Ph and -PhSMe in figure 3.8b) is not trivial. It is known in literature, that the
radical cannot or barely resonate to the C3 position (compare figure 3.8a and figure 3.11a
for general labelling) [243]. As a consequence, the aryl substituent at the C3 position is
usually spin isolated [243]. DFT calculations with the B3LYP density functional in com-
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Fig. 3.12. Electronic properties of the organic radical 3 adsorbed onto the Au(111) surface.
All the experimental data presented here is acquired with a metal tip. a) Spatially dependent
dI / dV -spectra on the Blatter radical 3 with a modulation voltage of Vmod = 1.5mVpp (STM
set-point for opening the feedback loop: I = 12.0 pA and Vb = 0.1V). The coloured markers in
the the inset indicate the tip position used for the different spectra. The spectra are vertically
shifted for clarity. b) In-gap constant-current STM image of a single molecule of species 3 (STM
set-point of I = 7.0 pA and Vb = 0.1V). The inset shows the STM image overlaid with the model
of species 3. c) Constant-current STM overview after annealing the sample to 300K (STM set-
point of I = 5.0 pA and Vb = 0.1V). d) Constant-current STM image of a tetramer built of
species 3 (STM set-point of I = 4.0 pA and Vb = 0.1V). e) Example of one dI / dV -spectrum
taken on the center of one of the Blatter radicals 3 (indicated by the blue marker in d) exhibiting
the same spatial dependent line shape as the isolated molecules in a). The modulation voltage
is Vmod = 1.5mVpp (STM set-point for opening the feedback loop: I = 20.0 pA and Vb = 0.1V).
f) dI / dV -spectrum taken in the center of a Blatter radical 3, compared to a reference spectrum
taken over the bare Au(111) surface with a modulation voltage of Vmod = 30mVpp (STM set-
point for opening the feedback loop: I = 1.1 pA and Vb = 0.1V). The two spectra are normalized
by their maximum values.
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bination with the correlation-consistent double-zeta (cc-pVTZ) basis set for the gas-phase
molecule were performed by Dr. Laerte L. Patera in the course of the publication [57] using
the ORCA (4.0.1) program package [244]. The gas-phase geometry of these calculations
is depicted in figure 3.8b and the spatial extend of the SOMO (singly occupied molecular
orbital) of these calculations is depicted in figure 3.9d.
In the gas-phase geometry one phenyl ring (-PhSMe group in figure 3.8b) has a very small
tilting angle and nearly lies in the same plane as the benzotriazinyl unit and the other
phenyl ring (Ph group in figure 3.8b) is slightly tilted with respect to the benzotriazinyl
unit. This tilting arises probably due to steric hindrance and usually results in a reduc-
tion of the conjugative overlap. However, purely from geometric considerations significant
amount of conjugation over the tilted phenyl ring (Ph group in figure 3.8b) would be ex-
pected. To elucidate the conjugation for tilted phenyl rings, a trityl radical derivative can
be considered. A derivative of this class with a dihedral angle of 45° was found to still
exhibit half of the resonance stabilization compared to the non-tilted scenario [201]. An
example of a trityl radical with a dihedral angle close to 45° is displayed in figure 3.6b.
The calculated SOMO contour of the Blatter radical derivative 2 reveals a delocalization
of the unpaired spin over the entire benzotriazinyl unit, a delocalization over the Ph unit
(in figure 3.8b) and almost no density of the unpaired spin can be found at the -PhSMe
unit (in figure 3.8b) of the molecule.

Certain features arise in the highly resolved ∆f -image of the Blatter radical derivative
2 acquired in constant-height mode in figure 3.8c which can be attributed to structural
units of the molecule. The two bright ellipsoidal features in the upper and lower part of
the image in figure 3.8c can be assigned to the two thiomethyl groups (-SMe’ and -SMe
in figure 3.8b). More precisely these features most probably can be related to the hydro-
gens pointing out of the surface plane into the vacuum, while the sulphur atoms serve as
anchoring groups exhibiting a strong interaction with the gold metal surface [245].
Another prominent feature is a distorted bright feature in the lower left corner of the im-
age. This feature can be assigned to the phenyl group marked with Ph in figure 3.8c. It
appears very bright, since the tilting of the ring makes the hydrogen atoms protrude from
the surface plane. The feature looks comparable to already observed features for hydrogen
atoms on a tilted cyclic organic ring protruding out of the surface plane [246].
The rest of the molecule can be identified in the Laplace filtered form of figure 3.8c, shown
in figure 3.8d. Here, the two ellipsoidal features assigned to the thiomethyl groups are
connected to a hexagon and to two connected hexagonal features corresponding to the
phenyl ring with the thiomethyl group (-PhSMe in figure 3.8b,d) and the benzotriazinyl
unit (BtA in figure 3.8b,d), respectively. The feature assigned to the benzotriazinyl unit
could not fully be resolved, since the signal is partially covered by the signal of the pro-
truding phenyl ring (Ph in figure 3.8b,d).
By comparing the features of the constant-height ∆f -images to the constant-current STM
images (see figure 3.9a), chemical structural entities of the Blatter radical 2 can be directly
related to features in the constant-current STM images. To illustrate the orientation of
species 2 in the STM images of figure 3.9a,b the model in figure 3.9d is oriented in the
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same way.
For employing stable organic radicals to spintronics it is crucial to connect them to con-
ducting metal electrodes without loosing their open-shell character. This is not a condition
which can be straightforwardly assured. In most cases the electronic structure of a radi-
cal must be investigated in the explicitly desired environment. For the Blatter radical 2,
Low et al. [43] found with X-ray spectroscopic methods that the radical character survives
upon adsorption onto a Au(111) single crystal surface under LT-UHV conditions. However,
in STM-BJ single-molecule conductance measurements, where gold metal electrodes were
employed, it was found that species 2 looses its open-shell configuration in a toluene solu-
tion [43]. A significant difference in the two measurements is that the X-ray spectroscopic
measurements were performed in vacuum, while the STM-BJ experiments were carried out
in a toluene solution [43]. Low et al. [43] related this distinct difference in the environment
to the varying electronic configurations of species 2 in the two systems. The reasoning be-
hind this is that small changes in the surrounding may lead to small changes in the energy
level alignment of the system [43]. If the SOMO or the SUMO of the radical lies sufficiently
close to the Fermi level, already small shifts can affect the electronic configuration of the
respective molecule.
A detailed analysis of the electronic structure of the Blatter radical 2 can be carried out
by means of STM/S experiments and DFT calculations.
Tunneling conductance spectroscopy with small modulation voltages with the tip posi-
tioned above the single molecule 2 reveal a narrow zero bias peak (ZBP), see figure 3.9c.
The peak shape varies for different areas of the molecule from a rather symmetric peak
shape over an asymmetric peak shape to even completely vanish over certain areas of the
molecule. The described peak shapes are characteristic for Fano-type quantum interference
phenomena, compare section 3.1. Additionally, species 2 was found to maintain its open-
shell configuration upon adsorption onto a Au(111) surface under UHV conditions [43].
Due to all these aspects the peak can be attributed to a Kondo-type of interaction, as
discussed in section 3.1.
The spectra taken above the two lower lying outer lobes, marked with yellow and orange
in figure 3.9b, have a rather symmetric peak shape shown in figure 3.9c and can be as-
signed to the tilted phenyl moiety (Ph in figure 3.8b) and the thiomethyl group (-SMe in
figure 3.8b), respectively. The spectrum acquired in the center of the molecule, which can
be assigned to the benzotriazinyl unit (BtA in figure 3.8b), shows an asymmetric shaped
peak (blue spectrum in figure 3.9c). The uppermost lobe in the STM image of species 2 in
figure 3.9b is represented by the violet spectrum in figure 3.9c. Here, the Kondo resonance
peak completely vanishes.
The FWHM can be determined with a Fano fit, see equation 3.1, and from this the Kondo
temperature can be deduced from equation 3.2. For this purpose the temperature of the
system needs to be known, which was 6.1 K for the presented experiments [57]. The Fano
fits of the different spectra are shown as black solid lines in figure 3.9c. The Kondo tem-
perature of the spectrum detected at the center of the Blatter radical 2 (blue spectrum in
figure 3.9c) could be determined by this procedure to be 26 K [57]. The Kondo tempera-
ture was found to vary for different lateral positions from 23 K to 29 K [57], which is in the
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range of the overall uncertainty for the detected Kondo temperatures of the here presented
experiments of about 20 % [57]. Also a variation in the Kondo temperatures for different
fitting procedures was found and is accounted for in the determined overall uncertainty.
The modulation voltage was found to be a crucial parameter in experiments detecting
Kondo resonances [193]. The experimental procedure to assure that the modulation volt-
age is not responsible for a severe broadening of the detected peak is to take spectra of
the ZBP at a set position above the single molecule and stepwise decrease the modulation
voltage from higher values to small values until the width of the peak is staying constant.
It is rather complicated to gain unequivocal information of this particular system only from
the fit parameter TK and q of the equations 3.1 and 3.2. However, a striking observation is
that the Kondo signature completely vanishes over distinct areas of the adsorbed Blatter
radical 2. The area where the Kondo resonance vanishes is at the -PhSMe unit (compare
violet dot in figure 3.8b). Interestingly, this is exactly the moiety where no delocalized
spin density could be found in the gas-phase DFT calculations, compare figure 3.9d. Even
more conspicuous is the distinct nodal plane structure resolved in the low-bias STM image
in figure 3.9b.
The highly resolved delicate structure in the low-bias STM image in figure 3.9b is in re-
markable agreement with the calculated gas-phase SOMO distribution of figure 3.9d and
the corresponding simulated STM image in figure 3.9e.
Comparing the highly resolved low-bias STM image (figure 3.9b) with the in-gap STM
image (figure 3.9a), it becomes clear that the low-bias STM image (figure 3.9b) has topo-
graphic and electronic contributions.
Adsorbates on metal surfaces usually strongly couple to the metal, leading to a pronounced
broadening of the molecular orbitals. This makes orbital imaging complicated on metal
surfaces and STM images of adsorbed molecules at their orbital resonance voltages appear
blurred and the orbitals nodal plane structure cannot be resolved. Even though orbital
imaging of molecules directly adsorbed onto metal surfaces is feasible [247], it can be as-
sumed that in this system the orbital levels of species 2 adsorbed on Au(111) are strongly
broadened and no nodal plane structure can be resolved due to common orbital imaging
mechanisms [49]. The reasoning behind this hypothesis is that singly occupied orbitals
of adsorbates on metal surfaces are known to exhibit Coulomb-blockade peaks [46, 190],
which could not be resolved in this experiment. In this measurement no features could be
related to the SOMO or SUMO other than the Kondo resonance. The fact that no SOMO
or SUMO resonances could be resolved, might indicate that a pronounced broadening of
those resonances makes it impossible to resolve them.
With no resonances other than the Kondo resonance close to zero bias voltage, compare
figure 3.9f, the imaging mechanism behind the highly resolved nodal plane structure in the
low-bias STM image must stem from the Kondo interaction in the system. Two clear cor-
relations reinforce this hypothesis. The first one is between the Kondo signal being absent
in distinct moieties of the molecule (figure 3.9c) with the calculated gas-phase SOMO dis-
tribution (figure 3.9d,e). The second correlation is between the nodal plan structure of the
calculated SOMO distribution (figure 3.9d,e) with the resolved structure in the low-bias
STM image (figure 3.9b). This indicates that the spatial distribution of the SOMO governs
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the spatial extend of the spin-metal coupling [57]. At a nodal plane or at a whole moiety of
the molecule, where no delocalization of spin density can be found, no coupling of the spin
state to the continuum states of the metal may occur and hence, no Kondo signature may
be detected. This correlation leading to Ångström resolution enabling to directly detect
the delicate nodal plane structure might link to the importance of the tunneling channel
into the Kondo state even though an exact determination of the contribution via the form
factor q of the fit equation 3.1 was not straightforward, compare with section 3.1 for the
theory background.

In the following it should be investigated if the Blatter radical derivative 2 reacts at
elevated temperatures and how the radical character is affected under these changed con-
ditions. The substance is dosed with a higher coverage, but still in the submonolayer
regime, onto the sample and the sample is annealed to 300 K.
The overview in figure 3.10a displays the tendency of the species 2 to dimerize during the
annealing process. On the surface predominantly dimers and few single molecules as well
as few smaller clusters can be found.
Panel 3.10b shows a highly resolved low-bias constant-current STM image of the dimer.
The moieties in the respective monomers are nearly identical to the ones in the single
molecules (figure 3.9b) and hence the orientation of the monomers can be assigned. The
two monomers in the dimer in figure 3.10b are of the same chirality and are aligned an-
tiparallel with respect to each other. A model in figure 3.10c schematically explains this
orientation. The nearly identical features of the two monomers hint already to a non-
covalent interaction among the two molecules and a preserved radical character.
The two models of the gas-phase geometry of species 2, displayed in figure 3.10c, are fit to
the STM image with adapted scaling. By this the separation of the two molecules could
be determined to be in the range of roughly 9 Å measured between the two N4 positions
(for labelling see figure 3.8a). This distance is even when encountering for large errors in
the distance determination not in the range of covalent bond lengths, which typically span
from 1 to 2 Å [248].
Differential conductance spectra are taken at different tip positions. The line shapes of the
different Kondo resonances are closely resembling the spectra of the single molecules for the
different moieties in the two monomers. Exemplarily a spectrum at the center of one of the
monomers is shown in figure 3.10e exhibiting the asymmetric line shape already observed
for the single molecules (blue curve in figure 3.9c). The position of the tip during the
recording of the spectrum in figure 3.10e is indicated by the blue dot in figure 3.10b. This
result underlines the non-covalent character of the interaction, since in the case of covalent
bonding between the two N4 radical centres of the respective monomers the formed dimer
would most probably form a closed-shell system and no occurrence of a Kondo resonance
in the dI/dV -spectrum would be expected.
To investigate the interaction between the two monomers in more detail a molecular electro-
static potential (MEP) map of the gas-phase molecule was calculated yielding an in-plane
electric dipole of µ ≈ 2.7 D [57]. Figure 3.10d depicts the MEP results, with the two
monomers oriented in the same way as the dimer in figure 3.10b. The antiparallel orienta-
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tion of the two monomers shown in figure 3.10d can be explained in terms of dipole-dipole
interactions [249].
The Fano fit, displayed as solid black line in figure 3.10e, yields a Kondo temperature of
21 K. The value is on the limit of the stated uncertainty of 20 %. A lower value of TK of a
molecule in an assembly compared to the isolated case is known from literature [46, 198].
The reasoning behind this is a reduced interaction of one individual molecule of the assem-
bly with the continuum states of the metal [198]. The effect can be strongly dependent on
the amount of nearest neighbours of the molecule under investigation. Iancu et al. [198]
and Mugarza et al. [46] found a strong Kondo temperature decrease for a rising number of
neighbouring molecules.
For spintronic applications open-shell substances are often immobilized in monolayer
amounts or lower onto special substrates [205, 222, 250, 251]. It is desirable that the
open-shell character persists in the immobilized form at room temperature. For this rea-
son it can be helpful to understand the interactions among the individual molecules on
surfaces and their assembling structures. In order to gain a detailed understanding of the
assembly process further investigations are required. However, the fact that the single
molecules dimerize at room temperature without the formation of covalent bonds if de-
posited in submonolayer amounts already gives insight in the persistence of the open-shell
character on a single molecular level [205, 222, 250, 251].

The second Blatter radical derivative 3 (figure 3.11a) possesses only one thiomethyl group.
The thiomethyl group formerly attached to the -PhSMe unit, see figure 3.8b, is missing
in this derivative and the respective structural unit reduces to an unsubstituted phenyl
group (Ph’ in figure 3.11b). The slight structural change causes a pronounced impact on
the highly resolved nc-AFM measurements. As discussed above the -SMe group is a good
anchoring group on the Au(111) surface and hence the immobilization of species 3 on the
surface is less strong compared to species 2. This entails problems in the imaging process,
since the species appears more mobile on the surface. Figure 3.11c shows the complete
nc-AFM image of the single Blatter radical 3. The adsorption geometry differs from the
one discussed for the Blatter radical 2. The derivative 3 is less pinned to the surface and
hence the adsorption geometry appears more bulky, specifically one of the phenyl groups
(Ph in figure 3.11b) appears more tilted. As a result parts of this phenyl group are further
away from the surface and hinder the remaining moieties to be fully resolved. To gain more
structural information about the entities located closer to the surface a zoom-in of parts
of the molecule (marked with dashed lines in figure 3.11c) is imaged at closer distances.
The zoom-in, displayed in figure 3.11d, shows an ellipsoidal feature which can be assigned
to the thiomethyl group as explained above. The ring structure can only be identified
in the Laplace filtered version of figure 3.11d, which is shown in figure 3.11e. Here, the
Ph’ group can be assigned, see figure 3.11e. The feature of the benzotriazinyl unit is to a
large extend covered by the signal of the tilted phenyl ring, Ph in figure 3.11e. However,
a feature which can be assigned to a small fraction of the benzotriazinyl moiety can be
identified, BtA in figure 3.11d.
By comparing STM and nc-AFM images of the same molecule the structural fragments
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can be assigned to features in the STM image. Figure 3.12b shows a constant-current STM
image of species 3. In the inset of this panel the STM image is overlaid with a model of the
structure of 3 to illustrate the orientation of the single molecule in the image. The Kondo
signature displayed in figure 3.12a is similar to the one of the Blatter radical derivative 2
for equivalent moieties of the molecules.
Interestingly, after annealing the gold sample to 300 K a predominant formation of tetramers
can be found, besides unordered larger clusters and single molecules, see constant-current
overview in figure 3.12c. Figure 3.12d displays a constant-current image of the tetramer.
The features of the monomers appear unchanged and a non-covalent interaction scheme
can be suspected. The Kondo resonance survives upon tetramerization, which is exem-
plarily shown in the spectrum of figure 3.12e with the tip positioned above the center of
a monomer, marked in figure 3.12d. This observation consolidates the assumption of a
non-covalent interaction between the monomers in the tetramer.
Even though the results of species 3 are very similar to the ones of species 2, they bare
important information. Firstly, they consolidate the observations made for species 2. Sec-
ondly, by altering the structure slightly at the spin isolated aryl substituent, it was achieved
to not significantly change the electronic properties of the unpaired spin state. At the same
time one might relate the changed assembling scheme of species 3 to the altered chemical
structure compared to species 2.
The observation that slight changes in the chemical structure result in different molecular
packing has been made for solid state Blatter radical compounds [243]. If the changes
occur at the aryl substituent at the C3 position (compare figure 3.8a and figure 3.11a for
general labelling) this often has an impact on physical properties, e.g. the packing-type or
packing distances in a solid, and at the same time the radical character of the species is
maintained [243, 252–255]. In contrast, the alternation of the aryl substituent at the N1
position (compare figure 3.8a and figure 3.11a for general labelling) was often reported to
alter the magnetic properties [243, 256, 257]. Hence, the observation of the comparable
electronic properties of the spin state in species 2 and 3 match with results in literature and
can be rationalized by the altered chemical structure fragment being located at the spin
isolated moiety. As afore mentioned, it was also found that slight changes in the chemical
structure may affect the packing-type or the packing distance in solid-state Blatter radical
compound. Accordingly, the different assembling scheme of the two Blatter radical deriva-
tives 2 and 3 can be tentatively related to the slightly altered chemical structure.
However, further investigations are required to connect the altered assembling scheme to
the structural changes of the molecule and not to slightly different coverages of the two
sample preparations.
Nevertheless, if the assembling scheme could not be attributed to the structural changes
but rather to slight differences in the coverage of the sample, a very important aspect
remains, namely the survival of the unpaired spin even for higher coverages with closer
nearest neighbour distances and hence stronger interaction among neighbouring molecules.

In conclusion, a detailed analysis of species 2 and 3 adsorbed on Au(111) was presented
by means of combined highly resolved nc-AFM imaging, STM imaging at low bias voltages
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and differential conductance measurements of a zero bias peak (Kondo signature) at low
modulation voltages, supported by gas-phase DFT calculations. The two species could
be unambiguously identified. Distinct units of the chemical structure could be related to
different shaped Kondo signatures. The combined investigation of the low-bias STM image
of an individual molecule of species 2 with the spatial distribution of the Kondo signature
over the molecule and the gas-phase DFT orbital density calculation of the SOMO and its
respective simulated STM image indicated that the spatial distribution of the SOMO gov-
erns the spatial extend of the spin-metal coupling [57]. Due to this correlation the delicate
nodal plane structure of species 2 adsorbed onto a metal substrate could be directly re-
solved in the low-bias STM image. The electronic structure, especially the line shape of the
Kondo signature, over distinct units of the individual molecules was similar for molecules
of species 2 and 3. The assembling of species 2 and 3 on Au(111) after annealing to 300 K
could be investigated and compared. No substantial changes in the electronic structure of
species 2 and 3 were found after the annealing step, suggesting the preservation of the rad-
ical character without any newly formed covalent bond and solely electrostatic interactions
among the molecules. However, different assembling patterns were observed for species
2 and 3 after the annealing process. For the Blatter radical derivative 2 predominantly
dimerization was observed, while for the derivative 3 predominantly tetramerization was
observed.
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Chapter 4

Tip-induced ether-bond fission on
insulating bilayers

A manuscript of the work of this chapter is in preparation, with parts of the text being
identical to the text of this chapter.3 Most of the chemical compounds have been synthe-
sized and were kindly provided by Dr. Steffen Woltering. The calculations with the species
adsorbed onto the sodium chloride lattice were carried out and were kindly provided by Dr.
Daniel Hernangómez-Pérez.

In this chapter an ether-bond cleaving reaction is presented for various substances ad-
sorbed on thin sodium chloride bilayers (NaCl(2Ml)) grown on Cu(111). The reaction
mechanism and the relevant reaction products are examined by means of nc-AFM, STM
and STS measurements. The experimental results are supported by density functional
theory calculations (DFT) providing a deeper understanding of the cleaving process of the
species adsorbed on sodium chloride.

3S. Sokolov, S. Woltering, L. L. Patera, D. Hernangómez-Pérez, L. Gross, F. Evers, H. Anderson, J.
Repp. ‘Generation of reactive species via tip-induced ether-bond fission on insulating layers’. Manuscript
in preparation.
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Fig. 4.1. Chemical structures of the investigated species: 1,6-diphenoxy-2,4-hexadiyne (4), 1,8-
diphenoxy-2,4,6-octatriyne (5), 1,10-diphenoxy-2,4,6,8-decatetraiyne (1), 1,4-bis(3-phenoxyprop-
1-yn-1-yl)benzene (6) and vanadyl-2,9,16,23-tetraphenoxy-29H,31H-phthalocyanine (7).
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Five selected compounds are investigated, namely 1,6-diphenoxy-2,4-hexadiyne (4), 1,8-
diphenoxy-2,4,6-octatriyne (5), 1,10-diphenoxy-2,4,6,8-decatetraiyne (1), 1,4-bis(3-phen-
oxy-prop-1-yn-1-yl)benzene (6) and vanadyl-2,9,16,23-tetraphenoxy-29H,31H-phthalocya-
nine (7), compare figure 4.1. The highly pure compounds 1, 5 and 6 have been synthesized
and kindly provided by Dr. Steffen Woltering in the group of Prof. Dr. Harry Anderson
from the University of Oxford. The compounds 4 and 7 were purchased from Sigma-
Aldrich. For substance 4 no analytical data was available and for the substance 7 a purity
of ≥ 98% was listed.

The discussion of the bond dissociation of all species presented in this chapter includes
the analysis of precursors and their fragments after bond fission. The charge state of ad-
sorbates on the surface depends on the alignment of their orbitals with the Fermi level of
the sample and is not known a priori. In the remainder of this chapter, if reasonable, the
species are assumed to be in a neutral charge state and the chemical nomenclature of the
species is adapted to the neutral state. However, if the charge state has an impact on the
drawn conclusions and a deviation from the neutral charge state is conceivable it will be
noted.

The geometrical models of the species and its fragments depicted throughout this chap-
ter visualize, with some exceptions, gas-phase geometry optimizations carried out at the
B3LYP-DFT level of theory with a cc-pVTZ basis using the Gaussian 09W program [258].
The depicted orbital isosurfaces (isovalue = 0.02 e·a−3

0 ) are derived with the optimized gas-
phase geometries, with the same B3LYP-DFT theory and cc-pVTZ basis in the Gaussian
09W program [258]. In the process of generating the input files and visualizing the output
the program Avogadro was utilized [259].
One exception, where no simple B3LYP-DFT gas-phase calculations were applied, includes
the calculations with the species adsorbed onto the sodium chloride lattice. The other ex-
ception are the models bearing phenoxy groups. The conformation of molecules adsorbed
on sodium chloride sometimes differs from the gas-phase conformation. In this study, es-
pecially the phenoxy groups at the precursor molecules or at fragments of the precursor
molecules appear rotated with respect to the gas-phase geometry. For this reason the
models of the species with phenoxy groups do not show the gas-phase geometry, but the
dihedral bond angles in vicinity of the oxygen atoms are rotated to fit the features of the
nc-AFM images. As a third exception, calculations of species 7 cannot straightforwardly
be executed with standard processing tools, hence the model of this species is not calcu-
lated, but displays reasonable dimensions known for similar phthalocyanine species. The
scaling of the molecular models is always adapted to the corresponding nc-AFM images.
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4.1 On-surface chemical reactions studied by AFM

and STM

On-surface synthesis provides the possibility of creating a variety of new substances. In
particular, molecular species which cannot be synthesized in solution chemistry can often
be synthesized following new approaches on surfaces. With STM, AFM and AC-STM the
reaction processes, the reaction products and their orbital structures can be directly re-
solved on surfaces, while STS and KPFM help to reveal interesting additional properties
of the newly synthesized compounds.

On metal surfaces a variety of different reactions could be directly investigated by STM
or AFM. In contrast, it is challenging to demonstrate and investigate new on-surface re-
actions on insulators by STM or AFM. The reason why a lot of publications exist on the
topic of on-surface synthesis on metal surfaces as opposed to insulating surfaces is twofold.
Firstly, the metal often acts as a catalyst in the on-surface chemical reaction. Notable,
intermediate states of Ullmann-type reactions could be resolved and show a stoichiometric
occurrence of metal atoms participating in the intermediate state [260, 261], which is also
expected for other types of reactions on metal surfaces. The second and very important
reason is that the discrete states of the adsorbates strongly couple to the electronic contin-
uum states of the metal. As a consequence of the strong interaction between the metal and
the adsorbates, the metal samples can be annealed to high temperatures without desorp-
tion of the adsorbates. In most cases, this helps to easily overcome the activation energy
barrier of the desired chemical reaction which is often lowered due to the catalytic effect
of the metal. Annealing temperatures of up to 700 K [34] are commonly used in on-surface
chemical reactions on metal samples. Often this isn’t possible on insulators and different
strategies to overcome the activation energy barrier need to be considered.

In the following there will be given insight into the impressive variety of on-surface chemical
reactions investigated by STM and AFM on metal surfaces. In many examples, the more
inert gold surfaces are chosen to facilitate probing of the newly formed species with weaker
coupling to the surface than, for example, other noble metal surfaces [10–12, 14–16, 170–
174, 262]. Some experiments result in highly resolved images of reactants, intermediate
states and products, rendering a detailed analysis possible.
A large proportion of investigated chemical reactions by means of STM or AFM on
metal surfaces are of the Ullmann-type [33, 263–265], cyclodehydrogenation reactions [14–
16, 170, 172–174, 266], or a combination of both [34, 37, 39, 40, 171, 267–270]. Even mul-
tiple step hierarchical Ullmann coupling reactions could be demonstrated [35, 271, 272].
Furthermore, examples of Glaser analogue reactions [36, 273–275] or condensation reac-
tions [276–291] have been shown on metal surfaces. Also dehydrogenation reactions at
sp2- [292] and sp3-hybridized carbon sites [293, 294] have been revealed in literature. A
cyclotrimerization reaction has proven to be successful for building covalently coupled ex-
tended 2D-networks on metal surfaces [295, 296]. Some chemical reactions, unique and
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new to on-surface chemistry probed by STM and AFM, could be carried out on metal sur-
faces. Among them are a dehydro-Diels-Alder reaction [297], a Sonogashira-Hagihara cross-
coupling analogue reaction [298], a polymerization reaction involving N-heterocyclic car-
bene intermediates [299], Bergmann analogue reaction types [3, 300, 301], bond dissociation
and fragmentation processes including oxygen carrying functionalities [10, 13, 269, 302–
304], covalent coupling reactions of isocyanates with amines [305, 306], a polyacetylene
formation [307] and azide-alkyne cycloaddition reactions [308, 309], which are classified
among the click reaction group. Even a reversible thermally induced dehalogenation reac-
tion was carried out on a Au(111) surface [310]. In summary, a zoo of different chemical
reactions are applicable on metal surfaces to generate the desired species and even sequen-
tial stepwise reactions including different functionalities and different reaction mechanisms
have been demonstrated [275, 288].
With this toolbox a variety of new species can be synthesized on metal surfaces in-
cluding specially designed graphene nano ribbons (GNR) [34, 37–41, 171, 267–269, 311]
or nanographene (NG) structures such as higher acenes [10–12], triangulenes or trian-
gulene based species [14–16, 48], porphyrine based structures [172], Clar’s goblet [170],
rhombenes [173] or super-nonazethrene [174]. Even extended sp2-hybridized systems con-
sisting of non-hexagonal cyclic structures have been synthesized on Au(111) [312].
These newly designed structures posses interesting electronic properties which can often be
probed on gold surfaces, due to the relatively weak electronic coupling of the inert metal
to the adsorbates.
GNRs of varying structures incorporating for example heteroatoms [269], porphyrines [171] ,
heterojunctions [39, 40, 267, 268] or varying edge structures [38, 39, 41, 311] have been
synthesized. By thorough design of the GNR structure, the band structure can be adjusted
ranging from relatively large gaps to induced metallicity [37, 38]. Topological protected
edge states were directly resolved in dI/dV -maps [39, 40]. The nature of magnetic coupling
(ferromagnetic or antiferromagnetic) was investigated [41] and a concept to change from
the presence of magnetic edge states to their absence in GNRs was revealed [311].
In the group of specially designed NGs, singlet-triplet gaps in the range of 14 meV (triangu-
lene dimers [16]) to 102 meV (rhombenes [173]) were found by spin excitation spectroscopy
of individual molecules [16, 170, 173]. An interesting example of the topic of NGs is the
investigation series of triangulene species on Au(111) surfaces [14–16, 48]. The single tri-
angulene species were found to have an open-shell configuration with the spin-polarized
orbital structures resolved in dI/dV -maps [14, 15]. In a triangulene dimer the open-shell
singlet configuration could be probed and singlet-triplet spin excitations were observed [16].
In a follow-up experiment triangulene spin-chains were investigated [48]. In these NG spin-
chains the collective coupling could be directly investigated and differences in the metal
spin-screening and the spin interactions of the monomers in the chain and at the termini
were observed [48]. Congruently, no such differences were found for cyclic triangulene spin
chains [48].
This very brief summary of on-surface synthesis of novel compounds on metal surfaces
investigated by means of AFM or STM highlights the diversity and the possibilities in this
field of research. The here given summary is by far not complete and a lot of reviews exist
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on exactly this topic [270, 313–319].

A great advantage, as opposed to metal surfaces, is that on bulk insulators or insulating
layers the adsorbates are usually electronically decoupled from the substrate and interac-
tions can be mainly attributed to phononic coupling between surface and adsorbate [49].
Hence, the precautions which need to be taken on bare metal surfaces, due to the non-
negligible, albeit in some cases weak, electronic coupling of the adsorbates to the metal,
become superfluous on insulators or insulating layers. However, it is challenging to find ap-
propriate approaches for on-surface synthesis on insulators. New strategies for on-surface
synthesis need to be found and it is helpful to incorporate the achievements, the knowledge
and the experience of on-surface synthesis on metal surfaces.
On non-metallic surfaces a promising strategy is to light-induce chemical reactions. A
photo-initiated dimaleimide radical polymerization could be demonstrated on bulk potas-
sium chloride [320]. On graphene surfaces a photo-initiated polymerization reaction includ-
ing diacetylene functionalities was carried out [321] and a light-induced bond dissociation of
bridged diketones lead to the generation of nonacene [322]. Multilayered molecular organic
wires could be generated including a photo-initiated coupling step on mica substrates [323].
Another approach is the use of a combination of insulating bulk substrate and reactant with
a high degree of interaction among them, so that the system can be thermally annealed to
relatively high temperatures without desorption of the precursor molecules. For the calcite
bulk insulator so-called anchoring functional groups were found to interact electrostatically
with the surface atoms, rendering annealing to high temperatures possible [324]. Several
thermally activated reactions similar to the ones described above for metal surfaces could
be realized using this approach. Among them are, aryl-halide coupling reactions [325–
327], a [2+2]-cycloaddition of C60 [328], a diacetylene polymerization reaction [329] and a
Glaser analogue homocoupling reaction of terminal alkynes [329]. Notably, a hierarchical
aryl-halide coupling reaction has been demonstrated [326]. Detailed information about on-
surface synthesis on calcite bulk insulator surfaces can be found in the review by Richter
and colleagues [324].
Thermal activation by annealing to high temperatures is found to be possible on hexagonal
boron nitride (h-BN) [330, 331]. An aryl-halide coupling was demonstrated on h-BN layers
grown ontop of Rh(111) (h-BN/Rh(111)) activated by high annealing temperatures of up
to 850 K [330]. Interestingly, the activation energy barrier of an aryl-halide coupling reac-
tion was lowered by catalytically active Cu- and Pd-adatoms evaporated on h-BN/Ni(111),
such that moderate annealing temperatures of 340 K (for Cu adatoms) and 300 K (for Pd
adatoms) were sufficient to carry out the reaction [331].
Covalent coupling has been observed on iodine passivated metal surfaces [332, 333]. A
novel deposition technique with a heated reactive drift tube generates aryl biradicals out
of an aryl-halide compound, which then adsorb onto the iodine-terminated surface and
couple in a mild annealing step (375 to 425 K) [332].
As already pointed out, thin sodium chloride layers of preferentially two to three mono-
layers have the advantage of sufficiently decoupling adsorbates from the metal surface,
while maintaining good conditions for performing STM and STS experiments. Position-
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ing extended π-conjugated species on thin NaCl layers has been carried out by different
approaches. For example, saturating the thin layer NaCl/Ag(100) surface with a mono-
layer of reactant and thermally inducing a coupling reaction, resulted in the formation of
an extended covalently bound π-conjugated system proceeding on top of the NaCl lay-
ers [334]. Another strategy is the formation of a new species on the catalytically active
metal surface and subsequent dragging of the species onto the thin NaCl layers by means
of tip-manipulation. With this technique an armchair GNR could be investigated [41].
A successful strategy applicable for synthesis on insulating layers and on bulk insulators is
to induce a chemical reaction with the STM-tip. The first Ullmann-type coupling inves-
tigated by STM was induced by the tip [263]. Since then this approach has proven to be
of high value for the specific purpose of generating and subsequently investigating novel
reactive single molecules on surfaces. Several manipulations have been observed on metal
surfaces, e.g. for the generation of higher acenes [10–13, 302] or for the manipulation of a
GNR edge structure [269].
On insulating sodium chloride bilayers this approach has also been demonstrated success-
fully and has led to the generation and investigation of, for example, an aryne species [50],
triangulene [51], an antiaromatic polycyclic system [8], linear and cyclic polyynes [30–32].
Notably, a reversible Bergman cyclization reaction [5] and a Glaser-analogue intramolecular
coupling reaction of terminal alkynes [6] were demonstrated tip-induced on thin insulating
layers. A reversible tip-induced aryl-halide bond dissociation could even be demonstrated
and investigated on thick insulating layers, fully decoupled from the metal surface [335].
To induce the reactions that lead to the new species listed above a voltage pulse is ap-
plied with the STM-tip resulting in the bond dissociation of sp2-hybridized carbon-halogen
bonds (Csp2-Hal) [30, 32, 50], the bond fission of sp3-hybridized carbon-hydrogen bonds
(Csp3-H) [8, 51] or bridged diketone split-off [31]. In the process of the reversible Bergmann
reaction a Csp2-Br bond was manipulated [5] and in the intramolecular coupling reaction
of the terminal alkynes a Csp-H bond was cleaved [6].
The discovery of novel reaction mechanisms that occur on insulating substrates constitutes
an open challenge of surface science. To widen the field of on-surface synthesis on insula-
tors the tip-induced bond dissociation of ether bonds is presented in this chapter. Notably,
ether-bond fission has been demonstrated on a Cu(111) and on a Si(111) surface, creat-
ing extended sp3-hybridized alkyl chains in a subsequent coupling step [336, 337]. This is
of interest since subsequent covalent coupling might also be possible on insulating layers
or bulk insulators. In this chapter the ether-bond fission is applied for the generation of
reactive species. The reaction products and the reaction mechanism is discussed in detail
with highly resolved nc-AFM images and STM orbital images. By ether-bond dissociation
not only single atoms or carbon monoxide (CO) can be cleaved off, but larger molecular
fragments. This extends the field of reactants applicable for synthesis.
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Fig. 4.2. a) Chemical structures of α- and β-carbyne, as
well as the biradical structure of β-carbyne. b) Possible
reaction product of 1,6-diphenoxy-2,4-hexadiyne (4) af-
ter cleaving off both phenoxy groups homolytically. Two
bond orders are conceivable corresponding to the biradical
form (1,6-dimethylenediacetylene, 8) or the [5]cumulene
form 9.
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Fig. 4.3. Chemical structures of the investigated dimethy-
lacetylene derivatives: 1,6-diphenoxy-2,4-hexadiyne (4),
1,8-diphenoxy-2,4,6-octatriyne (5), 1,10-diphenoxy-2,4,6,8-
decatetraiyne (1) 1PhO
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4.2 Investigation of dimethylacetylene derivatives -

Bond fission mechanism and bond-order analysis

Carbyne [17, 18] is a carbon allotrope in an infinite single strand form consisting of sp-
hybridized carbon atoms with two forms being proposed, namely α- and β-carbyne [19, 20].
The α-carbyne form is composed of alternating single and triple bonds and the β-carbyne
consists of cumulated double bonds [19, 20], compare figure 4.2a. Interestingly, the α-
carbyne form should exhibit semi-conducting properties, whereas the β-carbyne should
rather posses metallic character [21–24].
There is a debate about the existence of carbyne [338, 339] and information about the
structure of carbyne is so far not conclusive [18, 19, 340]. Generally, a higher stability
is theoretically predicted for the polyyne form (α-form) [18, 19, 339–341], which can be
rationalized in terms of Peierls distortion [339, 342, 343].
Interesting properties have been predicted and investigated for small to extended chains of
cumulene or polyyne form with proposed applications in the fields of nanoelectronics and
spintronics [344–355] (i.a. as nanowires with varying conductance [347, 348, 350, 351, 355–
357] or as spin filters [346, 354]), non-linear optics [358–361] and heat conduction [362]
among others.
Some publications clearly show that a clear differentiation between polyyne or cumulene
character cannot always be drawn and it is important to consider the external conditions.
Liu et al. [344], for example, visualized the changes in an sp-hybridized chain under ap-
plied tension changing to a higher bond length alteration (BLA) in a theoretical study.
Ravagnan et al. [357] theoretically highlighted that axial torsion on sp-hybridized carbon
chains has structural impacts with a smooth change in BLA and no clear distinction be-
tween cumulene versus polyyne structure. Milani et al. [21] found structural changes in
sp-hybridized wires induced by metal nanoparticles in proximity which had an impact on
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Fig. 4.4. Characterization of the tip-induced cleaving reaction of 1,6-diphenoxy-2,4-hexadiyne
(4) on NaCl(2Ml)/Cu(111) by means of nc-AFM with a CO-tip. (a, d) Model of the precursor
4 and the cleaving reaction product. (b, e) ∆f -images acquired in constant-height mode of the
precursor 4 and the products of the cleaving reaction (∆z = −0.8 Å and ∆z = −0.7 Å, STM
set-point: I = 0.7 pA and Vb = 0.5V). Bond breaking was induced by scanning the tip over the
molecule at Vb = 1.6V and I = 1.8 pA. (c, f) Laplace filtered versions of b) and e), respectively.
Marks indicate the position of the tilted phenyl rings (Ph), the triple bonds (T), the upward
pointing H atom (H) and the two upward pointing hydrogen atoms (H2).
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Fig. 4.5. Characterization of the tip-induced cleaving reaction of 1,8-diphenoxy-2,4,6-octatriyne
(5) on NaCl(2Ml)/Cu(111) by means of nc-AFM with a CO-tip. a) ∆f -image in constant-height
mode of the precursor 5 (∆z = 0 Å, STM set-point: I = 0.35 pA at Vb = 1.0V). b) Laplace
filtered version of a). c) Model of the precursor 5. d) ∆f -images in constant-height mode
after scanning two times with 1.8V at 0.35 pA over the molecule (∆z = −0.2 Å, STM set-point:
I = 0.35 pA at Vb = 1.0V). The upper cutout is shown in e) and f), the lower cutout shows the
model of the phenoxy fragment. (e, f) Cutout of d) overlaid with a model of species 10 and
11, respectively. g) Chemical structures important in the fragmentation process. h) ∆f -images
in constant-height mode after scanning with 2.0V at 0.35 pA over the molecule (∆z = −0.2 Å,
STM set-point: I = 0.35 pA at Vb = 1.0V). Insets display cutouts (enlarged by 20%) of the
image overlaid with structural models. k) Laplace filtered ∆f -image in constant-height mode of a
fragment found on the surface (∆z = −0.3 Å, STM set-point: I = 0.5 pA at Vb = 1.0V). A mark
can be found at the position of the tilted phenyl rings (Ph), the triple bonds (T), the upward
pointing hydrogen atoms (H or H2), the center fragment (c) and at the unknown adsorbate (a).
All scale bars correspond to 5 Å, except the one in k), which corresponds to 3 Å.
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Fig. 4.6. Characterization of the tip-induced cleaving reaction of 1,10-diphenoxy-2,4,6,8-
decatetraiyne (1) on NaCl(2Ml)/Cu(111) by means of nc-AFM with a CO-tip. (a) Model of
the precursor 1. (b, e) ∆f -images in constant-height mode of the precursor 1 and the products
of the cleaving reaction (∆z = 0.6 Å and ∆z = 1.0 Å, STM set-point: I = 0.35 pA at Vb = 1.0V).
The cleaving reaction was induced by scanning with the tip over the molecule at Vb = 1.8V at
a current set point of I = 0.35 pA. (c, f) Laplace filtered versions of b) and e), respectively.
A mark can be found at the position of the tilted phenyl rings (Ph), the triple bonds (T), the
upward pointing hydrogen atoms (H), the CO molecule (CO) and at the center fragment (c).
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Fig. 4.7. Change of orientation of the re-
action products (displayed in figure 4.6 e)
and f) on NaCl(2Ml)/Cu(111) imaged with
a CO-tip. a) Constant-current STM im-
age of the products (I = 0.35 pA and Vb =
1.0V). b) Constant-current STM image of
the products with a changed orientation af-
ter scanning the tip over the fragments with
Vb = 1.5V and I = 0.35 pA (imaging pa-
rameter: I = 0.35 pA and Vb = 1.0V).
c) ∆f -image in constant-height mode cor-
responding to the situation imaged in a)
(∆z = 0.2 Å, STM set-point: I = 0.35 pA
at Vb = 1.0V). d) ∆f -image in constant-
height mode corresponding to a cutout of
c) marked as a dashed rectangular in c)
(∆z = 0.9 Å, STM set-point: I = 0.35 pA
at Vb = 1.0V). -6.2 1f [Hz]
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Fig. 4.8. Chemical structures relevant in the fragmentation
process of species 1: 1,10-dimethylenetetraacetylene (14), [9]cu-
mulene (15), Pentaacetylene (16).
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Fig. 4.9. DFT optimized geometries of pre-
cursor 5 adsorbed on a NaCl(100) surface.
a) Top view (left) and side view (right) of
the neutral species. b) Geometry obtained
after charging species 5 with an additional
electron. The counter charges in the unit
cell are indicated by the red discs at the
bottom of the NaCl slab. Bond dissociation
occurred at one of the ether bonds. c) Same
as in b) but after charging the molecule with
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groups are split off. Figure was kindly pro-
vided by Dr. Daniel Hernangómez-Pérez.
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the metallicity of the wire. In conclusion, the external conditions and the environment is
often determining for the BLA of sp-hybridized carbon chains.

To investigate potential properties of carbyne, smaller-sized model compounds are synthe-
sized. Polyyne representatives could be synthesized with up to 22 acetylene units [363] and
for cumulene compounds large representatives consist of nine successive double bonds [19,
20]. Cumulenes are highly reactive compounds which are not straightforward to synthe-
size [19]. Strategies for stabilization are the introduction of bulky endgroups or rotax-
anes [19, 20].
Via UV-Vis spectroscopy and cyclic voltammetry experiments the electronic HOMO-LUMO
gap of the model substances can be probed and from X-ray crystallography measurements
the BLA of the model substances is often deduced [18–20]. For both, polyyne chains and
cumulene chains the trend is a reduction in BLA and electronic gap with increasing chain
length [18–20]. With a series of polyyne chains (the longest consisting of 22 acetylene
units) it was possible to extrapolate the gap for infinitely long polyyne chains to a finite
value of approximately 2.56 eV [363]. In principle, for cumulenes the BLA should approach
zero [22, 24, 364] for infinitely long chains with no Peierls distortion present and the gap
should close [22–24]. Experimentally, for cumulenes a preliminary estimated asymptotic
limit for the BLA is about 0.05 to 0.03 Å [19]. However, the determination of the asymp-
totic value is limited by the chain length of the synthesized cumulenes in this study and
can only be detected with higher accuracy if new, longer cumulenes will be synthesized in
the future.
Generally, cumulenes need to be subdivided into even and odd ones, whereas even cumu-
lenes refer to such with an even number of double bonds in the chain and odd cumulenes
refer to such with an odd number of double bonds [19, 20]. The distinction is often im-
portant, because the two categories differ in conformation of the endgroups and in the
two electronic π-systems [19, 20]. Even cumulenes have two degenerated π-conjugated
systems [19, 20]. In contrast, the two π-conjugated systems in odd cumulenes are non-
degenerate, with one system which spans over the whole cumulene skeleton in length and
the other one being considerably shorted [19, 20]. The differences between even and odd
cumulenes have detectable impact on e.g. the BLA, and the electronic gap [19, 20, 23].
In general, for sp-hybridized carbyne-like oligo- or polymers not only a polyyne or a cumu-
lene structure is conceivable, but also a diradical structure [19, 365, 366]. Significant singlet
biradical character and small singlet-triplet gaps were found theoretically for short-chain
[n]cumulenes with terminal carbene groups (n = 3 − 7, with n being the number of suc-
cessive double bonds), whereas neutral even cumulenes exhibit larger singlet-triplet gaps
than odd representatives [367]. Experimentally, a singlet biradical character was found for
a cumulene with five successive double bonds [368]. Upon lowering the temperature in the
system, the emergence of a continuum spin system from formerly localized spin pairs could
be observed in spin chains of these [5]cumulene precursors [368].
In the following, a series of molecules is investigated, namely 1,6-diphenoxy-2,4-hexadiyne
(4), 1,8-diphenoxy-2,4,6-octatriyne (5) and 1,10-diphenoxy-2,4,6,8-decatetraiyne (1), see
figure 4.3. These molecules belong to the same family, with 5 and 1 having one and two
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additional triple bonds in the central polyyne-chain compared to 4. The aim of this study
is the generation and investigation of a series of odd [n]cumulenes (n = 5, 7, 9). [5]cumulene
is depicted exemplarily in figure 4.2b. [5]cumulene could be resulting from homolytically
cleaving off both phenoxy groups from species 4. Two bond orders of the envisioned reac-
tion product are conceivable corresponding to a biradical form 8 or the [5]cumulene form
9, displayed in figure 4.2b. The on-surface investigation by nc-AFM has the advantage of
the bond order being directly accessible [8, 31, 32, 50, 369]. With information about the
bond order of the reaction products, insight about the singlet biradical character can be
gained.
Cumulene or acetylene bearing single molecules or nanostructures have been investigated
by STM and nc-AFM on metal surfaces and on insulating layers. Cumulene structures [25–
29] have a homogenous appearance with no corrugation along the bond axis in nc-AFM
images.
Polyynes consist of alternating triple and single bonds. Hence, the BLA must be non-zero
which can be directly seen from nc-AFM images of polyynes exhibiting a clear corrugation
along the bond axis with characteristic triple bond features [30–32]. Triple bonds appear
as bright ellipsoidal features in nc-AFM images [3, 4, 6, 29–32, 110, 301] and are clearly
distinguishable from the homogenous non-corrugated appearance of the cumulene struc-
tures.

Experiments with single molecules of species 4, 5 and 1 adsorbed onto a NaCl(2Ml)/Cu(111)
surface show that the ether bond can be broken tip-induced under mild conditions. A bond
fission attempt is considered successful if images of the precursor and images of the frag-
ments exist. The fragments have to be unambiguously assigned to chemical structures and
the spacing between the different fragments must be large enough.
Tip-induced bond fission was tested on ten individual molecules of species 4 on NaCl(2Ml)/
Cu(111). Three of these molecules were solely investigated by STM with metal tips. The
remaining seven molecules were additionally investigated by atomically resolved nc-AFM
with CO-tips. Seven individual molecules could unambiguously be fragmented. In four
cases both phenoxy groups were split off. In two cases only one phenoxy group was split
off. In one case one phenoxy group was unambiguously split-off, while the other one was
close to the remaining fragment and it could not be deduced from the image if it was still
covalently bound. In two cases no bond fission could be deduced. Changes were observ-
able, but the features in the images were positioned too close to each other to deduce a
dissociation of the ether bonds. One molecule was picked up in the cleaving process and
could not be further investigated. To determine the threshold voltage for bond fission, a
I − Vb-curve was taken and scans above the molecule were taken in 0.5 V steps. These
experiments indicate that the fragmentation usually occurs around 1.5 V. The tunneling
current set-point was below 1 pA to 2 pA during the experiments. All successful examples
were split with a bias voltage of 1.5 V except two examples which were cleaved with a bias
voltage of 1.6 V and 2.0 V.
Tip-induced bond dissociation was tested on 14 individual molecules of species 5 on
NaCl(2Ml)/Cu(111). Seven individual molecules of species 5 were investigated by STM
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with metal tips and seven individual molecules of species 5 were investigated by atomically
resolved nc-AFM with CO-tips. The bare metal tip is reactive and molecules or fragments
of the molecules were often picked-up hindering the investigation and leading to a bad
resolution of the STM images. In three cases investigated by STM a clear fragmentation
was observable. From all of the seven molecules investigated by nc-AFM both phenoxy
groups could be cleaved off. In four of these cases an intermediate structure consisting
of two fragments could be resolved. The two fragments resembled one split-off phenoxy
group and one large fragment with the second phenoxy group still bound to the remaining
fragment. However, the structure could not fully be resolved and the resolved features
often did not fit to structural models. Therefore, it cannot be deduced unambiguously
whether the second phenoxy group was still bound to the remaining fragment or split-off.
I − Vb-curves indicate a threshold voltage of about 1.7 V to 1.8 V. The experiments indi-
cating this threshold voltage were all executed with a metal tip. As already mentioned,
working with a metal tip was not straightforward for this preparation. Most STM images
were taken at a bias voltage of 1 V and at this voltage fragmentation was never observed.
All of the successful bond fission attempts were induced by bias voltages between 1.7 V
to 2.0 V. The intermediate states were observed after bond dissociation was induced by
bias voltages of 1.8 V to 1.9 V. During the experiments the tunneling current set-point was
always below 1 pA. Negative bias voltages of up to -2.0 V have been applied with no effect
on the respective precursor molecule.
Four individual molecules of species 1 have been investigated. Two of these have been
examined by STM with metal tips and two of these by atomically resolved nc-AFM with
CO-tips. One of the molecules investigated by STM changed its appearance due to volt-
age pulses of up to 1.8 V but the resulting features were very close to each other and no
fragmentation could be deduced. From the second molecule investigated by STM both
phenoxy groups were clearly split off induced by one 1.8 V-scan. A cleaving reaction could
be induced by one voltage scan at 1.8 V for both molecules investigated by nc-AFM with
CO terminated tips. In one case both phenoxy groups were split-off. This example will be
discussed in more detail in this section. In the second case clearly only one phenoxy group
was cleaved off. The tunneling current set-point was always below 1 pA. Two I−Vb-curves
to 1.6 V on two different molecules showed no effect, while three scans at 1.8 V were unam-
biguously responsible for bond fission of three different molecules. The bias voltage during
STM imaging in the course of the experiment was usually about 1 V. At this bias voltage
no bond fission event was observed.
In many cases, the mechanism of tip-induced bond fission reactions on insulating layers can
be explained via resonant tunneling into the LUMO, which mediates vibronic excitations
resulting in energy dissipation and bond dissociation [30, 50, 370, 371]. These processes
demonstrate the lowering of activation energy barriers by accessing decoupled ionic states
of the molecules [371]. The here investigated bond fission reaction mechanism is tenta-
tively explained in the same way. Since the species display a low diffusion barrier on the
insulating layers and are very mobile on the surface, no detailed differential conductance
spectroscopy could be performed. However, the low and distinct threshold voltages to
induce bond dissociation and the fact that no bond fission could be induced at negative
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bias voltages, tested on species 5, suggest this cleaving reaction mechanism.

Precursor 4 is investigated on NaCl(2Ml)/Cu(111). The chemical structure of species
4 consists of a dimethyldiacetylene center fragment bridging two phenoxy groups, see fig-
ure 4.3.
Figure 4.4 displays the intact precursor 4 (top row) and two fragments after tip induced
bond dissociation (bottom row). Different characteristic features of the species are identi-
fiable and are discussed in the following.
Panel 4.4b displays the nc-AFM image of the intact precursor 4 on an NaCl bilayer. While
most of the conformation of species 4 is locked, rotational freedom exists at the ether bonds
and the bonds of the adjacent sp3-hybridized methyl-carbon atom and different conforma-
tions can be found on the surface.
In figure 4.4b two crescent shaped features appear, similar to features observed for the
nc-AFM images of the Blatter radicals, see section 3.3. These features can be assigned to
the tilted phenyl rings, marked with Ph. In the Laplace filtered equivalent of figure 4.4b,
displayed in figure 4.4c, the central hexadiyne unit of the precursor 4 is clearly resolved.
The bright ellipsoidal features (marked with T in figure 4.4c) are characteristic for triple
bonds, as reported in literature [3, 4, 6, 29–32, 110, 301]. Circular bright features (marked
with H in figure 4.4c) can be assigned to one of the hydrogen atoms of the methyl groups
pointing out of the molecular plane towards the vacuum. A model of the precursor is
displayed in figure 4.4a.

In the example of figure 4.4 a bias voltage of 1.6 V is applied at a tunneling current
set-point of 1.8 pA and the tip is scanned over a single molecule of species 4 to induce the
cleaving reaction, as opposed to holding the tip at a fixed position above the molecule.
This has the effect that not only bond dissociation is reliably induced, but additionally,
the fragments are dragged apart, due to interactions with the moving tip. The fragments
are thus further separated and can be distinguished clearly.

After the tip-induced bond fission, two fragments could be resolved, which are displayed in
figure 4.4e,f (f is the Laplace filtered version of e). A model of the two fragments is shown
in figure 4.4d. The two fragments in figure 4.4e,f show the previously assigned distinct
features including the tilted phenyl rings (Ph in figure 4.4e) and hydrogen atoms protrud-
ing out of the surface plane towards the vacuum (H2 in figure 4.4f). The conformation
of the upper methyl group and the neighbouring phenoxy group displayed in the model
of figure 4.4d fits best to the nc-AFM image, resulting in two hydrogen atoms protruding
out of the surface plane into the vacuum. The conformation of the lower methylene group
displayed in the model of figure 4.4d is most conceivable, since the reactive carbon site
may be stabilized by an interaction with the surface.
The tilting of the split-off phenyl ring in the upper left corner of figure 4.4e impedes the
fragment from being fully resolved in the image. The tilting arises from the reactive site
being created after bond fission, which can be stabilized by the sodium chloride lattice.
Due to the tilting of the phenyl ring, the reactive site is closer to the sodium chloride



82 CHAPTER 4. TIP-INDUCED ETHER-BOND FISSION

lattice. Through analysis and assignment of the structural features of the fragments in the
nc-AFM image the bond dissociation can be assigned to the area of the ether group.
Most likely the oxygen is staying at the phenyl group, since charges at the oxygen can then
be stabilized by the adjacent aromatic π-system. Depending on the orbital alignment of
the split-off phenoxy group with the Fermi level of the sample, different charge states of
the fragment are conceivable. However, a conjugated π-system in α-position to the oxygen
atom may stabilize a radical site, a negative charge at the oxygen atom, as well as a posi-
tive charge at the oxygen atom via resonance [372]. Considering the unknown charge state
of the fragment it is named phenoxy fragment in the following referring to the functional
group rather than to the charge state of the species.

Species 5 consists of a dimethyltriacetylene chain bridging two phenoxy groups, see fig-
ure 4.3. The investigation of species 5 on NaCl(2Ml)/Cu(111) was carried out with the
aim to split off both phenoxy groups and to fully resolve the center fragment.

Figure 4.5 displays the fragmentation process of a single molecule of species 5 on NaCl(2Ml)/
Cu(111). Figure 4.5a-c display the precursor molecule 5. A model in panel 4.5c illustrates
the conformation of the single molecule 5 shown in the nc-AFM image of figure 4.5a and
its Laplace filtered version in figure 4.5b. Similar features as in the nc-AFM image of
precursor 4 in figure 4.4b,c arise, which can be assigned to the tilted phenyl rings (Ph
in figure 4.5a), the triple bonds (T in figure 4.5b) and the hydrogen atom features (H in
figure 4.5b). Compared to the nc-AFM image of the precursor 4 in figure 4.4b,c in the
nc-AFM image of the precursor 5 in figure 4.5a,b an additional triple bond feature can be
identified.

Bond breaking was achieved by scanning over the molecule with a bias voltage of 1.8 V
and 0.35 pA. To induce a change in conformation of the built fragments with the aim to
be able to resolve the full structure, the tip was scanned over the surface with the same
parameter for a second time.

The image taken after these scans is displayed in figure 4.5d. The round bright feature
marked with a in figure 4.5d is an unknown adsorbate. The two phenoxy groups can be
resolved (marked Ph in figure 4.5d). The fragment marked with c in figure 4.5d consists
of an ellipsoidal feature, characteristic for triple bonds, in the center surrounded by two
bright lobes, similar to the hydrogen features (H) assigned in figure 4.4e. The phenoxy
fragment in the lower part of figure 4.5d is separated from the other fragments and thus
was clearly split off during the bond fission process. A cutout overlaid with a structural
model of the phenoxy fragment is displayed in figure 4.5d. It is not straightforward to
assign a chemical structure to the features in the upper region of figure 4.5d.
Panels 4.5e,f tentatively depict two different model structures overlaying a cutout of the
upper fragment of the nc-AFM image of figure 4.5d. In figure 4.5e a model of 6-phenoxy-
2,4,6-octatriyn-1-ylidyne (10 in figure 4.5g) with adjusted scaling and conformation is
overlaid with the nc-AFM cutout. In the model the cleaved site is modelled as a carbon
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centred radical with two σC-H and one σC-C bond. The phenoxy group and the terminal
methylene group do coincide with the respective feature in the nc-AFM image. However,
the features of the triple bond and the leftmost hydrogen feature do not coincide with the
positions of the respective hydrogens of the model (marked with T and H2) in figure 4.5e.
In figure 4.5f two separate structure models are overlaid with the nc-AFM cutout, a phe-
noxyl and a 1,8-dimethylenetriacetylene model (11 in figure 4.5g). If both phenoxy groups
are split off homogeneously, two different bond orders are conceivable for the remaining
fragment, a biradical structure with three triple bonds (11) or a [7]cumulene structure
(12), see figure 4.5g. The model of the biradical species 11 coincides with the features in
the image. The ellipsoidal triple bond feature coincides with the central triple bond of the
model (marked with T) and the protruding hydrogen features coincide with the terminal
methylene hydrogen atoms of the model (marked with H2) in figure 4.5f. The fragment
appears slightly too long to fit perfectly with the length of the fragment in the image. If
a biradical is adsorbed to a surface it will, if possible, bent towards the surface, so that
the two radical sites may interact with the lattice atoms of the surface. For this reason
it is not surprising that the gas-phase geometry is slightly protruding the actual nc-AFM
feature.
In summary, the features in the upper region of the image in figure 4.5d cannot unambigu-
ously be assigned to a chemical species. But the model of species 11 in figure 4.5g does fit
well to the underlying nc-AFM cutout, suggesting that in this image both phenoxy groups
are split off.

Only by scanning the tip over the fragments with a bias voltage of 2.0 V at 0.35 pA,
the three fragments were dragged further apart. The result is displayed in figure 4.5h.
Three separated fragments could be imaged. The insets of figure 4.5h show cutouts of
the nc-AFM image overlaid with structure models, see subfigure 4.5i-iii. The two right-
most ring features in figure 4.5h can be assigned to the split-off tilted phenoxy fragments,
see insets 4.5h(ii,iii) for the overlaid models. The leftmost fragment cannot be assigned
straightforwardly. In the inset 4.5h(i) the model of species 11 is overlaid with the nc-AFM
feature of the rightmost fragment of the nc-AFM image. The length of the fragment in the
nc-AFM image does not match the length of the model and no internal resolution of the
fragment can be resolved by imaging at closer tip-sample separation distances. This might
suggest, that the fragment has changed during the additional 2 V-scan.

At another area of the sample a fragment was found that can clearly be identified as
the central chain unit of precursor 5. The Laplace filtered nc-AFM image of this species
is displayed in figure 4.5k with a structure model displayed in figure 4.5l. Four ellipsoidal
features can be discerned in figure 4.5k reminiscent of triple bond features (marked with
arrows). The two conceivable bond orders for the fragment (11 and 12), do not explain
the four ellipsoidal features resolved for the fragment in figure 4.5k. A way to obtain four
triple bonds for the fragment, as opposed to the three triple bonds of species 11, would
be by additional C-H bond dissociation. If one hydrogen atom of each methylene group
of the biradical 11 would split off, a bond rearrangement would lead to the formation of
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four triple bonds resulting in species 13 (tetraacetylene) depicted in figure 4.5g. However,
the average bond energy of a σC-H bond is high (416 kJ/mol [373]). Since effects of the
electronegativity of the carbon and the hydrogen atom do only contribute in negligible
amount to a σC-H bond, the bond can generally be considered to have predominantly co-
valent character. As a result, charging of the species will not lead to a severe lowering
of the bond fission energy barrier, such that the energy required to cleave a σC-H bond is
normally too high to be split by the voltages applied here. However, only with a structure
fragment similar to species 13 the four triple bond features in figure 4.5k can be explained.
A possible explanatory approach is to include interactions of the fragment with the salt
lattice. It is a well known principle in chemistry that different resonance structures con-
tribute with different weighting to one actual electron density distribution. The resolved
bond order in figure 4.5k with the four ellipsoidal features could be explained by having
significant contribution from the cumulene structure fragment 12 and a structure fragment
similar to species 13. A bond order similar to species 13 without splitting off one hydrogen
of each methylene group of the fragment can be achieved by weakening one of the σC-H

bonds of the methylene groups. This is conceivable in the system if an interaction of the
respective hydrogen atom with a chloride anion of the lattice is considered. A mixture of
this bond order with the cumulene bond order would lead to less pronounced triple bond
features because they are only partially contributing and the other contribution, from the
cumulene structure fragment 12, would lead to a homogeneous contrast [25–29] of all the
seven double bonds of the fragment in a nc-AFM image.

In the following, precursor 1 is investigated on NaCl(2Ml)/Cu(111). Species 1 consists
of a decatetraiyne chain bridging two phenoxy groups, see figure 4.3.
Figure 4.6 displays the fragmentation process of a single molecule of species 1 on NaCl(2Ml)/
Cu(111). Figure 4.6a-c display the precursor molecule 1. A model in panel 4.6a illustrates
the conformation of the single molecule 1 shown in the nc-AFM image (figure 4.6b) and its
Laplace filtered version (figure 4.6c). Similar features as in nc-AFM images of precursor 4
and 5 arise, which can be assigned to the tilted phenyl rings (Ph in figure 4.6b), the triple
bonds (T in figure 4.6c) and the hydrogen atom features (H in figure 4.6c).

Bond breaking was induced by scanning over the molecule at a bias voltage of 1.8 V with
a tunneling current set point of 0.35 pA. The fragments could not clearly be resolved, see
figure 4.7c. Hence, the tip was scanned for a second time over the molecule but with
a lower bias voltage of 1.5 V at 0.35 pA. The lower bias voltage was sufficient to change
the conformation and the position of the fragments. The image taken after these scans is
shown in figure 4.6e with its Laplace filtered version displayed in panel 4.6f. A model is
displayed in figure 4.6d. A CO molecule lies next to the fragments, marked with CO in
figure 4.6e. The feature in the upper area of panel 4.6e marked with Ph can be clearly
assigned to a phenoxy group. However, solely from this image it is not possible to deduce,
whether this phenoxy group is covalently connected to the fragment beneath.

The orientation of the two fragments lying in the upper area of figure 4.6e is investigated
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before and after the 1.5 V-scan. Thereby, it can be validated, whether the two fragments
are dissociated or still covalently connected. For species 1 generally no bond fission was
observed at bias voltages of 1.5 V or below. The two orientations of the fragments before
and after the 1.5 V-scan are displayed in figure 4.7.
The STM image in panel 4.7a shows the orientation of the fragments before the 1.5 V-scan,
whereas the STM image displayed in panel 4.7b illustrates the altered orientation of the
large bright fragment after the 1.5 V-scan. The orientation in the STM image shown in
figure 4.7b corresponds to the nc-AFM image displayed in figure 4.6e,f. Figure 4.7c is the
nc-AFM image corresponding to the orientation shown in the STM image of panel 4.7a.
Figure 4.7d shows the upper fragment of figure 4.7c (marked with a dashed rectangle) at a
smaller tip-sample separation distance. The fragment displayed in panel 4.7d has the char-
acteristic features previously assigned to a split-off tilted phenoxy fragment. The position
and orientation of this phenoxy fragment is comparable to the position and orientation it
has in the nc-AFM image taken after the 1.5 V-scan, see figures 4.6e,f. The same holds
true for the CO molecule, compare figure 4.7c with figure 4.6e,f. The only piece that has
changed its position and orientation after the 1.5 V-scan is the one marked in figure 4.7a-c
with c. The fragment c is separated from the upper phenoxy fragment (Ph) in the nc-AFM
image in figure 4.7c and hence this phenoxy group can be deduced to be split off. The
other phenoxy group is probably close to the fragment c in panel 4.7c (marked with Ph).
However, the resolution is not good enough to unambiguously assign this feature. From the
comparison of the STM images of figure 4.7a,b, it can be seen that the fragment c has not
changed its appearance and hence most probably also not its chemical structure. It may
be assumed that the scan has simply induced a rotation of the fragment. In conclusion, the
fragment c can be assumed to remain unchanged in figure 4.7b and 4.6e,f and the upper
phenoxy fragment in these figures can be assumed to be disconnected from the fragment c.

In figure 4.6f the internal resolution of fragment c is enhanced. Five ellipsoidal features
reminiscent of triple bond features, can be identified (marked with arrows in figure 4.6f.
This matches to the structural features found for species 5 in figure 4.5k and implies a
mixture of a [9]cumulene bond order as displayed by species 15 in figure 4.8 with an al-
tering single triple bond order similar to the one of species 16 in figure 4.8. Negligible
influence is expected from the bond order of species 14 in figure 4.8, possessing only four
triple bonds. On a sodium chloride bilayer the latter bond order can be envisioned by
considering a bond weakening of the σC-H bond at the methylene centres of the molecule
by an interaction of the respective hydrogen atoms with chloride anions of the lattice, as
already described for the fragment displayed in figure 4.5k.

After the detailed investigation of the fragmentation process of the series of species 4,
5 and 1 on a bilayer of sodium chloride some observations should be consolidated by DFT
calculations including the influence of the sodium chloride lattice and the mechanism un-
derlying the tip-induced ether-bond fission. The calculations presented in the following
were performed and kindly provided by Dr. Daniel Hernangómez-Pérez in the group of
Prof. Dr. Ferdinand Evers from the University of Regensburg.
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Figure 4.9 represents the important information deducible from these calculations. Fig-
ure 4.9a displays the optimized geometry of precursor 5 adsorbed on a NaCl(100) surface
from a top and a side view. The oxygen atoms are positioned close to sodium cations of
the lattice suggesting an electrostatic interaction with an anchoring effect of these oxygen
atoms with the sodium cations.
In the following an additional electron is introduced to the precursor in the calculations,
which leads to bond dissociation of one ether bond. The optimized geometry of the singly
negatively charged species on the sodium chloride is displayed in figure 4.9b. The ether
bond is cleaved and the oxygen atom stays at the split-off phenyl group as already pos-
tulated. The split-off phenoxy fragment is slightly tilted as can be seen in the side view
of figure 4.9b. This tilting can be explained by an electrostatic interaction between the
oxygen atom of the phenoxy fragment with a sodium cation of the lattice indicated in
figure 4.9b. The tilting of the split-off phenoxy group is also observed experimentally, as
discussed above.
A second electron is added to the precursor in the calculations. Figure 4.9c displays the
optimized geometry of the doubly negative charged species on sodium chloride. As can be
seen in figure 4.9c the second phenoxy group is cleaved and the oxygen of this fragment
also interacts with a sodium chloride atom of the lattice electrostatically resulting in a
tilting of the fragment. Notably, in the top view of figure 4.9c one of the hydrogen atoms
of each methylene group of the center fragment is closely positioned to a chlorine anion of
the lattice. This underlines the hypothesis made above to explain the respective four and
five triple bond features observed in figure 4.5k and figure 4.6f.
The calculations particularly give insight into the reaction mechanism of the cleaving reac-
tions investigated so far. Bond fission was induced by charging the precursor molecule by
one or two additional electrons, respectively. This matches the experimental observation
that small and distinct threshold bias voltages were required to induce the bond dissocia-
tion. Importantly, whole phenoxy groups, including the oxygen atoms, were cleaved off in
the fragmentation process of the calculations. This can be rationalized by the enhanced
resonance stabilization of the reactive oxygen site in this fragment.

In conclusion, the series of chemical compounds 4, 5 and 1 was fragmented and examined
on thin NaCl bilayers. Low bias voltages were required to reliably split off the phenoxy
groups, ranging from approximately 1.5 V for species 4 to approximately 1.8 V to 2.0 V for
species 5 and 1 at low tunneling-current set-points of up to approximately 2.0 pA. The
bond order of the center fragments after cleaving off both phenoxy groups could be investi-
gated for species 5 and species 1. Interestingly, the center fragment of species 5 was found
in two different forms, one relatable to the chemical structure 11 and one with a bond
order assigned to a mixture of the [7]cumulene structure type 12 with a bond order similar
to the one of species 13. For the center fragment of species 1 only one form was found,
assigned to a mixture of the bond order of the [9]cumulene structure 15 with a bond order
similar to the one of species 16.
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Fig. 4.10. Chemical structure of vanadyl-2,9,16,23-tetraphenoxy-
29H,31H-phthalocyanine (7)
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Fig. 4.11. Sequential non-local tip-induced
cleaving reaction of vanadyl-2,9,16,23-
tetraphenoxy-29H,31H-phthalocyanine (7).
(a-d) Constant-current STM images of
a precursor molecule of species 7 and
its products of the first, second and
third ether-bond dissociation, respectively
(I = 0.8 pA and Vb = 0.8V). The images
were acquired on NaCl(2Ml)/Cu(111)
imaged with a metal-tip. The blue dots
indicate the position of the tip during
the tip-induced cleaving processes. Bond
fission was induced by holding the bias
voltage for several seconds at 3.0V (and
I = 10pA) for the first two splits and at
3.2V (and I = 26pA) for the third bond
fission.
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4.3 Investigation of a phthalocyanine derivative -

A non-locally induced bond fission mechanism

Phthalocyanines (Pc) and the structurally related naphthalocyanines (NPc) are especially
well characterized by scanning tunneling and atomic force methods [53–55, 150, 152, 159,
229, 370, 374–379]. Additionally, the structure of these compounds is very different to
the series of compounds 4, 5 and 1, investigated in section 4.2. For this reason, Pc or
NPc derivatives are suitable model compounds to investigate the general applicability of
the tip-induced ether-bond dissociation on insulating layers. In the following the chemi-
cal compound vanadyl-2,9,16,23-tetraphenoxy-29H,31H-phthalocyanine (7 in figure 4.10)
is investigated on NaCl(2Ml)/Cu(111). The species consists of a vanadyl-phthalocyanine
core with four surrounding phenoxy residues. These four phenoxy units can be split off.
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Fig. 4.12. Characterization of the non-locally tip-induced cleaving reaction of the precur-
sor vanadyl-2,9,16,23-tetraphenoxy-29H,31H-phthalocyanine (7) and investigation of the reaction
product with all four phenyl residues being split off on NaCl(2Ml)/Cu(111). (a,c) Model of the
precursor 7 (enlarged by 50%) and the cleaving reaction product. (b,d) ∆f -images in constant-
height mode of the precursor 7 and the reaction product with a CO-tip (∆z = −2.4 Å, STM
set-point: I = 0.6 pA at Vb = 0.8V and ∆z = 0.2 Å, STM set-point: I = 1.0 pA at Vb = 0.8V).
The cleaving reaction has been achieved by positioning the tip in proximity of the molecule (po-
sition not in the area of the images) and applying a bias voltage of 4.5V at I = 63pA. The
arrows in d) point to the darker features of the ring, which might be a result of a lowering of
this part of the ring. (e,f) dI/dV -spectrum of the precursor 7 and of the reaction product taken
with the metal tip positioned above the center of the molecules with a modulation voltage of
Vmod = 40mVpp and the tip being retracted by ∆z = -1.0 Å with respect to the STM set-point
(STM set-point for opening the feedback loop: I = 2.2 pA and Vb = 0.8V). The insets display
constant-current STM images of a precursor molecule 7 and a reaction product with all four
phenoxy units cleaved off. (g,h) Orbital imaging of the product with a metal tip (I = 1.2 pA at
Vb = −0.8V and 1.6V, respectively). All scale bars correspond to 5 Å.
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Figure 4.11 displays a sequential split series of a single molecule of species 7 on NaCl(2Ml)/
Cu(111) with a metal-tip. Bond-dissociation could be induced non-locally with high bias
voltages and tunneling current set-points. Non-locally induced bond dissociation on thin
NaCl layers has been observed in literature [30, 31, 371, 380]. The cleaving reaction mech-
anism is found to be mediated by hot carriers injected from the tip into the NaCl/Cu(111)
interface state or for reactions on bare noble metal surfaces by hot carrier injection into
the surface state [30, 31, 371, 380–382]. This mechanism is tentatively suggested to be
part of the here presented cleaving reaction. The voltages required to induce bond break-
ing are high, which is why the state responsible for mediating the hot carrier transport is
tentatively assigned to an image potential state [383, 384]. Interestingly, tip-induced bond
fission was not successful on the bare metal surface. Additionally, no bond dissociation
occurred at negative bias voltages of down to -4.5 V at tunneling current set-pints of up to
80 pA. Resonant tunneling into the LUMO orbital of the adsorbates must play a negligible
role, as the LUMO energy lies much below the threshold voltage for bond dissociation for
species 7, see figure 4.12e.
Figure 4.11a displays an STM image of species 7. The four outer lobes can be assigned
to the phenoxy residues. Positioning the tip next to the molecule and holding the bias
voltage for several seconds at 3.0 V and 10 pA resulted in the first split with a reduction
of four to three outer lobes in the STM image of figure 4.11b. Repeating this with the
same bias voltage and tunneling current set-point resulted in the second split with two
outer lobes visible in the STM image of figure 4.11c. For the bond dissociation of the third
phenoxy unit a higher bias voltage of 3.2 V (at I = 26 pA) was applied for several seconds.
In the STM image taken after the third bond fission only one outer lobe is resolved, see
figure 4.11d. To split off all four phenoxy groups, a bias voltage of 4.5 V at higher tunneling
current set-points of around 50 to 100 pA is usually required. An example for a product
with all four phenoxy groups cleaved off is displayed in figure 4.12d,f-h.

The example of figure 4.11 is illustrative for the non-local bond fission process of species 7.
However, the aim was to cleave-off all phenoxy residues, since these units are bulky and the
reaction products with remaining phenoxy groups bound to the phthalocyanine core cannot
be resolved fully. To generated the cleaving reaction product with no remaining phenoxy
groups in higher yields, higher bias voltages of 4 V to 4.5 V were applied at tunneling cur-
rent set-point ranging between 50 pA to 100 pA for the other examples. Ten individual
molecules were examined before and after a voltage pulse with theses parameters. In all of
the ten cases the induced bond fission was successful with one to four phenoxy groups being
split off. One molecule had three bound phenoxy groups after the pulse, one molecule had
two bound phenoxy groups after the pulse, five molecules had one bound phenoxy group
after the pulse and three molecules exhibited no bound phenoxy group after the pulse.

In figure 4.12 the results of the cleaving reaction of an individual precursor of species
7 are summarized. Figure 4.12b displays the nc-AFM image of the precursor 7. A model
for the conformation of the molecule 7 of figure 4.12b is depicted in panel 4.12a. Only fea-
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tures assigned to the phenoxy groups protruding out of the surface plane could be resolved
in figure 4.12b. Compared to the bound phenoxy groups, the central core of the molecule
is closer to the surface and cannot be resolved in figure 4.12b. The conformation deviates
from the gas-phase geometry, but can be rationalized by visualizing an electrostatic inter-
action between the oxygen atoms of the molecule with sodium cations of the surface. In
the conformation fit to the nc-AFM image (model in figure 4.12a) all the oxygen atoms
are close to the surface, while the phenyl units protrude towards the vacuum.
In figure 4.12d the product after cleaving all four phenyl residues is shown. The split-off
of all four phenyl groups has been achieved by positioning the tip in proximity of the
molecule and applying a bias of 4.5 V at a tunneling current set point of 63 pA. A model
for this species is given in figure 4.12c. The appearance of this cleaving product displayed
in figure 4.12d almost completely coincides with the structure of vanadyl-phthalocyanine
resolved by nc-AFM in the publication of Kaiser et al. [375] in the adsorption conformation
with the oxygen pointing towards the surface. The only difference is a darker contrast at
the positions, where formerly the phenoxy units were attached (indicated by arrows in
figure 4.12d). It is unclear whether the oxygen remained at the center part of the molecule
or at the split-off phenyl-rings, but considering the high resonance stabilization by a single
phenyl unit it is conceivable that the oxygens are staying at the split-off phenyl groups.
Hence, in the following it is assumed that the whole phenoxy group is split off. In this
context, the observation that all four outer rings have one site appearing darker than the
rest, marked with arrows in figure 4.12d can be assigned to reactive unsaturated carbon
sites bending down towards the surface to interact stronger with the surface atoms and
through this be stabilized.
In this example, the HOMO (V ≈ −2.3 V) and the LUMO (V ≈ 1.2 V) of species 7 could
be determined by differential conductance spectroscopic measurements, see figure 4.12e.
The LUMO clearly lies beneath the threshold voltage for cleaving a phenoxy group (3.0 V
to 4.5 V) indicating that the cleaving reaction mechanism is in this case not correlated
with electronic and vibronic excitations of the LUMO. However, even though the underly-
ing mechanism changed, the bond fission could be conducted reliably.
A change in the spectrum of the reaction product (figure 4.12f) can be observed with
orbital resonances closer to the Fermi level than in the spectrum of the precursor (fig-
ure 4.12e). Orbital imaging reflects the chirality of the product, see figure 4.12g,h. The
four fold symmetry of the two orbital images, displayed in figure 4.12g,h, implies a simi-
lar bond order and chemical structure at all four outer phenyl units bearing the reactive
unsaturated carbon site.
A reliably tip-induced bond fission of ether bonds on species (7), which has no similarities
except the phenoxy units to the formerly presented group of compounds 4, 5 and 1, is
accomplished, demonstrating the general applicability of this bond cleaving process for
on-surface synthesis on thin insulating layers.
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Fig. 4.13. a) Chemical structure of
the precursor 6. b) model polymer in
in its closed-shell quinoidal form (up-
per structure) or its aromatic open-
shell configuration (lower structure).
c) Scheme of the double spin polariza-
tion interaction (DSP) (left) compared
to the smaller interaction in a triplet
state (right). The level of the states
are listed above each other for clarity
with no considerations of their energies.
d) Chemical structures relevant in the
fragmentation process of species 6.
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4.4 Investigation of a p-quinodimethane derivative -

Non-locally induced bond fission and bond-order

analysis

Para-quinodimethane derivatives are interesting compounds with adjustable singlet-triplet
gaps [58], which especially find application in materials and compounds for singlet exciton
fission [58, 385, 386] or ambipolar charge transfer [58, 387–398].
Tip-induced bond fission is applied to 1,4-bis(3-phenoxyprop-1-yn-1-yl)benzene (6 in fig-
ure 4.13a) adsorbed on a bilayer on sodium chloride with the aim to generate the reactive
species 3,6-bis(1,2-propadien-1-ylidene)-1,4-cyclohexadiene (19 in figure 4.13d).
Two forms with different bond orders are conceivable for the fragment generated by split-
ting off two phenoxy groups homogeneously from species 6. An aromatic biradical form 18
(1,4-bis-(prop-1-yn-1-yl)benzene, figure 4.13d) and a closed-shell quinoidal form 19 (3,6-
bis(1,2-propadien-1-ylidene)-1,4-cyclohexadiene, figure 4.13d). Translating this into the
electronic structure of the compound, the question arises whether the generated species
will have an open-shell or a closed-shell character, which should be directly detectable with
a bond order evaluation by means of nc-AFM [8, 31, 32, 50, 369].
Para-quinodimethane chemical compounds are usually very reactive and can often only be
stabilized at low temperatures [58]. Owed to the high reactivity of many of these com-
pounds, they are not fully understood in terms of electronic structure and properties [58].
From this point of view, it is highly interesting to directly resolve a simple model com-
pound of the para-quinodimethane family on a weakly interacting surface to investigate its
electronic and related structural properties.
To understand the electronic structure and the resulting properties of para-quinodimethane
derivatives a few concepts need to be introduced. In the discussion of the electronic prop-
erties of these compounds it is helpful to include the discussion of their BLA and their
singlet-triplet gaps. Species 19 has an additional double bond, whereas species 18 has a
cyclic aromatic system at the expense of this double bond. This difference in the struc-
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Fig. 4.14. Characterization of the non-locally tip-induced cleaving reaction of 1,4-bis(3-
phenoxyprop-1-yn-1-yl)benzene (6) on NaCl(2Ml)/Cu(111) by means of nc-AFM with a CO-tip.
(a, d, g) Model of the precursor 6, the reaction products after two phenoxy groups were cleaved
off and the reaction products after one phenoxy group was cleaved off, respectively. (b, e, h)
∆f -images in constant-height mode of the precursor 6 and the products of the cleaving reac-
tions (∆z = −0.2 Å, ∆z = 0.8 Å and ∆z = −1.0 Å, respectively, STM set-point: I = 0.5 pA at
Vb = 0.9V). The cleaving reaction was induced by positioning the tip in vicinity of the molecules
above the bare NaCl surface and applying a bias voltage of 2.0V at tunneling current set-points
of 50 pA and 10 pA, for splitting off the two phenoxy groups (panel d) to f) and for splitting off
one phenoxy group (panel g) and h), respectively. (c, f) Laplace filtered versions of b) and e),
respectively. A mark can be found at the position of the tilted phenyl rings (Ph), the triple bonds
(T), the upward pointing hydrogen atoms (H), the isolated center fragment (c) and the center
fragment bound to one phenoxy group (c’).
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Fig. 4.15. Orbital imaging of the reaction product after cleaving off both phenoxy groups from
species 6 on NaCl(2Ml)/Cu(111) with a CO-tip. a) Constant-current STM image of the product
(I = 0.5 pA and Vb = 0.9V). b) Laplace filtered version of a). (c,d) Calculated gas-phase orbital
density visualized as isosurface (isovalue = 0.02 e·a−3

0 ) of the SUMO of the biradical 18 in a triplet
state and the LUMO of the quinoidal form 19. The grey ellipsoid objects beneath the orbital
density isosurfaces indicate positions of features of the lateral gradient of the wave function of
the respective orbital.

tures is exemplarily for all compounds of the quinoidal group [58]. There is a competition
between net gain of aromaticity and the closed-shell structure of para-quinodimethanes.
With the aromatic structure 18 the ambipolar conductance properties can be understood,
as aromatic systems may stabilize both, negative and positive charges [58].
For a more detailed understanding a series of model oligo- and polymers consisting of
the same structural building block with one quinoidal or aromatic monomer should be
envisioned, see figure 4.13b. In reality such oligomers or polymers of the same para-
quinodimethane group are often heterocyclic and more complex in their structure [58].
A smooth transition from quinoidal to aromatic electronic structure can be observed in
terms of the BLA [58] when going from few monomers to a large number of monomers in
a polymer similar to the model polymer of figure 4.13b. The closing of the singlet-triplet
gap is accompanied by a change in BLA [58]. The relation between BLA and singlet-triplet
gap can be understood as follows. For oligo- or polymers consisting of an increasing num-
ber of repeated quinoidal or aromatic units the spatial separation of the two radicals will
grow. This leads to a stepwise reduction in the overlap of the two SOMO orbitals and
to a reduced interaction among them. Decisive for the population of a singlet or triplet
state is the electron-electron repulsion, which diminishes with growing distance between
the two radicals decreasing the singlet-triplet gap [58]. In the borderline case of large seper-
ation distances of the two radicals with no electron-electron repulsion, the single-triplet
gap closes [58]. With existing interaction among the two radicals the singlet state will
always be lower in energy. However, chemical compounds of the quinoidal group have been
synthesized, with small singlet triplet gaps, resulting in a non-negligible population of the
triplet state at room temperature [58, 399].
In summary, a smooth transition proceeds with increasing distance among the two radicals,
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from two electrons populating one orbital corresponding to the quinoidal structure, to a
state best described by two electrons populating two spatially separated SOMO orbitals
with antiparallel spin alignment due to non-negligible indirect interaction among them, to
a fully separated non-interacting state with both unpaired electrons in two different SOMO
orbitals in parallel spin alignment [58].
The interactions in the system with the two unpaired, antiparallel aligned, spatially sep-
arated electrons can be described with a double spin polarization interaction, also called
dynamic spin polarization (DSP) [58]. In this type of interaction, the two electrons of an
occupied state can interact with the two holes of the partially occupied SOMOs [58]. If
the alignment of the electrons populating the two SOMOs is antiparallel, both electrons
of a fully occupied orbital can interact with one hole of one respective SOMO, each, see
figure 4.13c on the left-hand side. In the triplet state the two radical electrons are parallel
aligned, hence only one electron of a fully occupied orbital may interact with the vacancies
of the two SOMOs, see figure 4.13c on the right-hand side. The stabilization resulting
from the DSP is larger compared to a similar stabilization in the triplet state. To picture
this process one might envision a delocalization of the interacting electrons towards the
vacancies of the two SOMOs [58].
Another factor influencing the electronic structure of para-quinodimethane derivatives are
extended π-systems. If a π-system in vicinity to the radical leads to a delocalizing effect
towards the termini of the structure and hence enlarges the separation distance between
the two radicals, the singlet-triplet gap will decrease [58].

In the following the experiments of 1,4-bis(3-phenoxyprop-1-yn-1-yl)benzene (6) on NaCl
(2Ml)/Cu(111) are described and discussed. Species 6 is a simple representative of the
quinoidal group consisting of a central hexagonal ring and two C3H2-chains connected in
para-position to the ring, see figure 4.13a.

Bond fission could be induced locally and non-locally. Compared to the previous ex-
ample described in section 4.3, much lower threshold bias voltages of about 1.8 V to 2.0 V
with tunneling current set-points of about 10 pA to 50 pA were required for the non-locally
tip-induced bond fission of species 6. Tip-induced bond fission was tested on 22 individ-
ual molecules. Seven molecules were examined by STM with metal tips and 15 molecules
were investigated by atomically-resolved nc-AFM with CO-tips. In six cases no ether bond
dissociation could be unambiguously deduced. The fragments were either not sufficiently
separated in the images or the molecule or parts of the molecules were picked-up by the tip.
On ten individual molecules both phenoxy groups could be split off. In four of these cases
the bond dissociation was induced locally and for the remaining six molecules the split
was induced non-locally. One example was found with only one phenoxy group split off
by a non-locally applied voltage pulse. Six molecules were found to remain intact without
induced bond fission after one applied non-local voltage pulse. I − Vb-curves and a scan
induced split over a pristine molecule indicate a voltage threshold for bond fission of about
1.8 V to 2.1 V for tunneling current set-points below 1 pA. No bond fission was observed
for negative bias voltages down to -2.5 V.
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Figure 4.14 illustrates the results of the tip-induced fragmentation process of 1,4-bis(3-
phenoxyprop-1-yn-1-yl)benzene (6) on NaCl(2Ml)/Cu(111). The precursor molecule 6 is
displayed in panel 4.14b, with a model displaying the conformation of the single molecule
6 in panel 4.14a. The outer features can, similar to previously, be assigned to tilted phenyl
rings (Ph in figure 4.14b). The central phenyl ring is lying in a planar orientation on the
surface and all the bonds of the phenyl ring appear in a similar contrast in the nc-AFM
image of panel 4.14b. In the Laplace filtered version of figure 4.14b, shown in figure 4.14c
the central phenyl ring feature (Ph, panel 4.14c) is even better resolved appearing planar
and homogeneous in the contrast of its bonds. Additionally, similar to previous assign-
ments, the two triple bonds and the protruding hydrogen atoms can be assigned (T and H
in figure 4.14c).
Figure 4.14d-f display the cleaving reaction product after splitting off both phenoxy groups
from the precursor 6. Bond fission was induced non-locally with a bias voltage of 2.0 V
and a tunneling current set-point of 50 pA. Figure 4.14d shows a model of the generated
species shown in the nc-AFM image in panel 4.14e and in its Laplace filtered version in
panel 4.14f. The two separated tilted phenyl features are resolved in figure 4.14e (marked
with Ph) and can be, as previously, assigned to two split-off phenoxy fragments. The center
fragment is resolved in figure 4.14e (marked with c).
In general, two different forms with differing bond order can be envisioned for this fragment,
the aromatic form 18 or the quinoidal form 19, see figure 4.13d. For a general distinction
of the aromatic and the quinoidal form, see figure 4.13b. A change in appearance of the
two central ring features (Ph and Q in figure 4.14c,f) is evident. Whereas the central ring
(Ph) in figure 4.14c looks homogenous in contrast, the contrast of the central ring (Q) of
the fragment displayed in figure 4.14f is varying. Two sides of the hexagon, correspond-
ing to two C=C-double bonds of the ring, clearly appear brighter than the other sides of
the hexagon. This unambiguously matches the bond order of the quinoidal structure 19.
The two C3H2-chains substituted in para-position at the ring are resolved with an overall
homogenous contrast and brighter features at their termini in figure 4.14f. The bright
features at the termini have a more symmetrical, spherical appearance and are positioned
directly at the ends of the chains and not at the position of a carbon bond, which is why
they cannot be assigned to a triple bond feature, see figure 4.14f. A change in the contrast
deviating from a homogenous appearance at the termini, would be expected for reactive
sites at the termini of the fragment. This indicates that the fragment has similarities to
the biradical form 18, whereas the homogenous appearance of the inner parts of the C3H2-
chains rather indicates a cumulene structure which would be assigned to the quinoidal form
19.
Different features in the resolved structure of the fragment displayed in figure 4.14e,f hint
to different structural forms of the fragment. This is an interesting observation directly
linking to the chemical perception that resonant structures can rather be seen as borderline
cases which only in sum describe the real structure. This example is intriguing, as the two
borderline cases significantly vary in their shell structure and may even vary in their multi-
plicity, see discussion above. The observation may explain the high reactivity and directly
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resolves the early on postulated high free valance on the terminal carbon atoms [58, 400].
Figure 4.14h displays an example of a single phenoxy group being cleaved off the precursor
6. Bond fission was induced non-locally with a bias voltage of 2.0 V and a tunneling current
set-point of 10 pA. The larger fragment could not be resolved fully, because one phenyl ring
is protruding out of the surface plane towards the vacuum. Nc-AFM imaging at smaller
tip-sample separation distances than displayed in figure 4.14h was not possible. However,
two separated fragments could be resolved, one is assigned to the split-off phenoxy group
(upmost Ph in figure 4.14h) and one is assigned to the remains of the precursor 6 with
a tilted protruding phenyl ring (lower Ph in figure 4.14h). Models of the fragments are
depicted in figure 4.14g with the remaining fragment after splitting off one phenoxy group
presumably possessing the chemical structure 17 (1-(prop-1-yn-1-yl)-4-(3-phenoxyprop-1-
yn-1-yl)benzene, figure 4.13d) in the neutral charge state.

Due to the high reactivity of the fragments, STS spectra could only be carried out at
retracted tip positions of about ∆z = −4.0 Å at an STM set-point of 0.9 V and 0.5 pA.
These spectra were completely flat with only one onset of an orbital resonance around
1.4 V. The fragment with both phenoxy groups split off could be imaged at closer dis-
tances, ∆z = 0 Å, and the same STM set-point with a CO-passivated tip. An orbital
density could be probed, see figure 4.15a and the Laplace filtered version in figure 4.15b.
Caution needs to be taken, when imaging orbital densities with CO-tips, which posses a
mixing of s- and p-wave character [378]. The obtained orbital image can hence be regarded
as a mixture of the original orbital density with the lateral gradient of the wave function
of the respective orbital [70, 378, 401, 402]. The calculated gas-phase orbital densities of
the SUMO of the biradical 18 in a triplet state and the LUMO of the quinoidal form 19
are visualized in figure 4.15c,d, respectively. The grey ellipsoid objects beneath the orbital
density isosurfaces indicate positions of features of the lateral gradient of the wave func-
tion, referred to as lateral gradient scheme in the following. The symmetry of the features
in the images of figure 4.15a,b resembles the symmetry of the grey objects in figure 4.15d.
Additionally, the spacing of the inner three features seems to be narrower, than the spacing
of the inner features to the two outermost features in figure 4.15a,b. This spacing can be
reproduced well by the spacing of the lateral gradient scheme of species 19, see figure 4.15d,
as opposed to the more equidistant distribution in the lateral gradient scheme of species
18 in figure 4.15c. For these reasons, under the assumption of predominantly p-wave char-
acter of the tip, the structure in the images of figure 4.15a,b is tentatively assigned to the
LUMO of the quinoidal structure 19. However, the SUMO+1 orbital density of species 18
displays exactly the same structure as the LUMO orbital density of species 19, which is
why the assignment cannot be carried out unequivocally.
In conclusion, by non-locally tip-induced bond fission a para-quinodimethane model com-
pound could be generated from species 6 and investigated on thin NaCl bilayers. Resolving
the geometrical structure of this newly generated model compound via atomically resolved
nc-AFM imaging with a CO-tip revealed details in the bond-order, which can be directly
related to the electronic structure and electronic properties of the species. The inner hexag-
onal ring contrast and the appearance of the connected C3H2-chains of the fragment could
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be related to the quinoidal form (19), whereas bright circular features at the termini of the
C3H2-chains indicate a reactive site with a structure deviating from the cumulene form.
A structure could be resolved by STM at positive bias voltages with a CO-tip, which was
tentatively assigned to the LUMO of species 19.
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Chapter 5

Detection of triplet state lifetimes by
AFM

The work presented in this chapter has been published in Science.4 Parts of the text are
identical to the publication. The important theory background is presented in chapter 1,
especially in the sections 1.2.4 and 1.2.5.

The non-equilibrium triplet state excitation plays an important role e.g. in photocat-
alytic processes in chemistry or biology or in photovoltaics. Via AFM it is possible to
directly measure the triplet lifetime of a single molecule on a weakly interacting insulating
surface with atomic resolution by employing an all-electronic pump-probe pulse scheme.
With this new method the lifetime of out-of-equilibrium electronic states, including triplet
states, can be probed. The triplet lifetime quenching of single excited pentacene molecules
is investigated for molecular oxygen adsorbed in close proximity to this molecule. Differ-
ent adsorption geometries involving a single pentacene molecule and one or several oxygen
molecules are generated by atomic manipulation with the tip and their varying triplet life-
times could be probed. By combining atomically resolved nc-AFM imaging with the newly
introduced lifetime determination technique the correlation of molecular arrangements with
the lifetime of the quenched triplet can be directly investigated. The controlled electrical
addressing of excited electronic states of single molecules combined with atomic-scale res-
olution and manipulation gives access to various unexplored routes including the control
and investigation of local spin-spin interactions. A detailed description of the experimental
procedure can be found in reference [56] and the corresponding supplementary information
(SI).

4J. Peng, S. Sokolov, D. Hernangómez-Pérez, F. Evers, L. Gross, J. M. Lupton, J. Repp. ‘Atomically
resolved single-molecule triplet quenching’. In: Science 373 (2021), 452-456.

99



100 CHAPTER 5. DETECTION OF TRIPLET STATE LIFETIMES BY AFM

Fig. 5.1. Sketch of the experimen-
tal setup for the determination of
excited-state lifetimes by AFM. No
electrons can tunnel through the thick
NaCl layers (insulator) and a tunnel-
ing current flow through the metal-
lic substrate is inhibited. A time de-
pendent gate voltage (Vg) is applied
inducing a series of single charge ex-
changes between tip and molecule.
Figure is taken from [56].

5.1 Detection principle - The triplet lifetime detec-

tion of a pristine individual pentacene molecule

The triplet excited state of individual pentacene molecules is probed on thick insulating
layers with the AFM by employing an all-electronic pump-probe pulse scheme. Loth et
al. [52] introduced a technique including a pulsing scheme with pump and probe pulse to
probe the spin relaxation times of individual atoms by means of STM.
Figures 5.1 and 5.2 visualize the experimental procedure to determine excited-state life-
times by AFM. Details of this procedure are described in reference [56] and the correspond-
ing SI. The experimental setup is schematically depicted in figure 5.1. A submonolayer
amount of pentacene was dosed onto a thick layer (> 20 Ml) NaCl/Au(111) preparation,
see sections 2.2 and 1.2.4. The layers were thick enough to prevent the build-up of a tun-
neling current limiting the tunneling events to single electron exchanges between tip and
electronic level of the individual adsorbed pentacene molecules. The charge state of the
molecule can be detected with single-electron precision by the AFM, see section 1.2.4. The
applied gate voltage, Vg, controls which electronic level of the adsorbate will be addressed,
see section 1.2.4 and 1.7. Similar to AC-STM, out-of-equilibrium states of the here in-
vestigated individual pentacene molecules adsorbed on NaCl can be populated. Applying
a sophisticated pulse scheme and thereby introducing several consecutive single charging
events renders access to the triplet excited state population and its lifetime determination.

The time dependent voltage pulse applied to the metal substrate with respect to the
conducting tip is displayed in figure 5.2a. One measurement cycle can be subdivided in
three phases (dashed grey lines of figure 5.2a-c. In these three phases the pentacene will
adopt two different charge states, the neutral charge state, P0, and the singly positive
charged state, P+. In the positive charge state the electron configuration corresponds to
the doublet ground state, D0. In the neutral charge state the electron configuration may
correspond to the singlet ground state, S0, or the triplet excited state, T1. Figure 5.2b
displays many-body level schemes explaining the processes of the three phases of one mea-
surement cycle. The energetic alignment of the depicted level with respect to each other is
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a)

d)

b)

c)

Fig. 5.2. Experimental setup for the determination of excited-state lifetimes by AFM. a) Se-
quence of gate voltages, Vg, which can be categorized in three phases of one measurement cycle
(grey dashed lines). Vdc ≈ −1.45V is chosen to render the states S0 and D0 degenerate. For
this experiment values of Vreset = −1.38V and Vset = 2.3V are employed. b) Many-body level
schemes corresponding to the three phases in the measurement cycle. c) Schematic of the time
dependent population of the different states in the three measurement phases for several mea-
surement cycles. d) An example for an experimental time trace displaying two frequency-shift
level corresponding to the two different charge states P+ and P0. Each trial segment (1 to 11)
can be assigned to one individual measurement trial outcome. Figure is taken from [56].
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a)

b)

Fig. 5.3. Evaluation of the single molecule triplet lifetime of pentacene. a) ∆f time traces each
consisting of 600 trials with different dwell times tD. The counts corresponding to the two different
charge states P+ and P0 are shown on the right-hand side. b) Plot of the triplet population P (tD),
obtained from the counts with the binomial distribution function: NP+/(NP+ +NP0). Extraction
of the lifetimes τ1, τ2 and τ3 of the respective three triplet states Tx, Ty and Tz with a triple-
exponential decay fit with an equal initial population of all three level, Tx, Ty and Tz (details
see SI of reference [56]). Compared to the triple-exponential fit (red), the single-exponential fit
(dashed grey) does not coincide well with the experimental data. Each data point corresponds
to 1800 individual trials (error bars visualize the standard deviation of the binomial distribution,
further information can be found in the SI of reference [56]). The zero-field split of the three
states is in the micro-electron volt range and is not drawn to scale in the scheme. Figure is taken
from [56].
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steered by the gate voltage, see section 1.2.4 and 1.7. For the corresponding single-particle
picture see SI of reference [56] and section 1.2.4.
In the first phase, during the reset pulse, Vreset, in figure 5.2a, D0 is rapidly occupied by
tunneling of one electron from the energetically highest occupied electronic level of the
pentacene molecule to electronic states of the tip, ensuring the complete depletion of T1

and S0. Schematically this process is depicted in the first many-body level scheme of fig-
ure 5.2b.
In the second phase, called the set and decay interval, a second voltage pulse, Vset, is ap-
plied (see figure 5.2a). In the very beginning of this pulse the single pentacene molecule
accepts a tunneling electron from the tip, resulting in a depletion of the D0 state and an
occupation of the T1 or the S0 state, compare with the second many-body level scheme
of figure 5.2b. A single molecule in the T1 configuration has time to decay to the S0

configuration in the dwell time, tD, following the characteristic triplet lifetime τT. This
dwell time, tD, is freely adjustable with no relation to the cantilever oscillation frequency
and is chosen to span time scales from a small fraction to a large multiple of the excited
state lifetime of the investigated molecule. To transfer the pentacene molecule from the
D0 configuration to the T1 configuration an energetically higher electronic state must be
occupied than for the transfer to the S0 configuration. The energetically higher electronic
state experiences a lower remaining tunneling barrier [54] for an electron tunneling from
the tip into the molecule. Hence, the charge transfer rate to the T1 (k3) state is in general
larger than the one to the S0 state (k4). The precise ratio of the two transfer rates, k3
and k4, can be controlled by adjusting the tip-sample separation distance. The tip-sample
separation distance was adjusted to have a tunneling process occurring within the first
≈ 100 ns of the set and decay interval. For the here employed tip-sample separation dis-
tance a population ratio of P (T1)/P (S0) = 4/1 was found. For detailed information see SI
of reference [56]. Notably, compared to the duration time tD the charge transfer rates k3
and k4 (see figure 5.2b) are negligible.
In the last and longest phase the electronic configuration of the single molecule is probed
by only transferring the remaining T1 population to the D0 state by the tunneling of the
electron from the SOMO to the tip, compare with the rightmost many-body level scheme of
figure 5.2b. The S0 population is not transferred to the D0 state. This is accomplished by
applying a gate voltage Vdc which renders the D0 and the S0 state approximately degener-
ate. Information on the choice of Vdc is provided in section 1.2.4 and the SI of reference [56].
Due to the relatively high reorganization energy on NaCl surfaces [53], S0 and D0 do not
interconvert [53–55, 143]. Summarized this means, the population of S0 and T1 are mapped
to different charge states (D0(P

+) and S0(P
0)) during the probe interval and can thus be

discriminated with FM-AFM by different values in the frequency-shift [56, 136, 144]. Both
ground states (D0(P

+) and S0(P
0)) are stable on macroscopic time scales and may coex-

ist at the set gate voltage of Vdc, which renders a straightforward read-out of the charge
state by FM-AFM possible [136, 144]. An example for the experimental read-out of the
two discrete ∆f -values corresponding to the P+ and the P0 charge state is displayed in
figure 5.2d [56].
In the third phase of one measurement cycle (probe interval in figure 5.2a), the probed
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single-molecule can only be in one state, more specifically, either in the D0 or the S0 state.
The described measurement cycle represents one individual Bernoulli trial with two pos-
sible outcomes. By repeating the above described measurement cycle multiple times the
population P (tD) of the involved states for one particular dwell time can be obtained. Fig-
ure 5.2c displays an example of the evolution of the state populations in time summed up
over many pulsing cycles. The population of the two states D0(P

+) and S0(P
0) is extracted

from time traces similar to the one displayed in figure 5.2d.

To gain information about the characteristic triplet decay rate the population ratios of
D0(P

+) and S0(P
0) need to be evaluated for various different dwell times. Three examples

for time traces detected with different dwell times are displayed in figure 5.3a. The counts
of the different charge states (P+ and P0) are shown on the right-hand side of figure 5.3a.
With these counts for different dwell times the population P (P+), which is reflecting the
triplet population, can be plotted as a function of the dwell time, see figure 5.3b.
In general, there are three triplet states (Tx, Ty and Tz in figure 5.3b, which are non-
degenerate considering effects of dipolar or spin-orbit interactions [403, 404]. The zero-field
splitting is in the order of micro-electron volts and the lifetimes corresponding to the three
different states (τ1, τ2 and τ3 in figure 5.3b may differ considerably [403]. Accordingly,
the exponential fit of the data shown in the graph of figure 5.3b is properly described
by a triple-exponential decay function, yielding values of τ1 = 11 ± 5µs, τ2 = 75 ± 12µs
and τ3 = 135 ± 11µs. These values were obtained from 23 datasets on several different
individual pentacene molecules. Further details are listed in the SI of reference [56]. In
optical experiments the initial population of the Tx, Ty and Tz state is not uniform [403].
In contrast, in the here presented experiments the transition rate k3 (see figure 5.3b) is
expected to be equal for transitions to Tx, Ty and Tz, since in this process the injected
electron has a random spin orientation. The here extracted lifetimes τ1, τ2 and τ3 are
comparable to the ones obtained for single pentacene molecules diluted in a host matrix
in optical experiments [405, 406] and influences of the AFM tip or the ionic surface can
be neglected. Additionally, no appreciable changes in the evaluated triplet decay rates for
different tip-sample separation distances (∆z = 1.6 Å, 1.2 Å and 0.8 Å) occur, see SI of
reference [56]. Moreover, no variation of the decay rate was found for different lateral tip
positions above an individual pentacene molecule, see SI of reference [56].

5.2 Atomically resolved triplet quenching - Individual

pentacene molecules in the presence of molecular

oxygen

To investigate quenching effects of molecular oxygen on the triplet decay rate of an indi-
vidual pentacene molecule, O2 was dosed onto the sample.

Figure 5.4 visualizes the triplet-state quenching for different adsorption geometries (G1
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a)

e)d)

c)b) G2 G3G1

G4 G5 G7

G1

G6 G8 G0

Fig. 5.4. Different atomically resolved adsorption geometries of single pentacene molecules
and coadsorbed oxygen molecules and the corresponding lifetimes of the quenched pentacene
triplet state. a) ∆f -image in constant-height mode of geometry G1 with a model displaying the
position of the O2 molecules and the pentacene molecule with respect to the NaCl lattice. The
exponential decay is fitted with a single exponential fit and the error bars display the standard
deviation of the binomial distribution, see SI of reference [56]. b) Illustration of the adsorption
position and conformation of the molecules of G1 derived by DFT calculations on the basis of the
experimental assignment of the adsorption sites of the different species on NaCl. c) Decreasing
lifetime of the pentacene triplet state with increasing number of surrounding oxygen molecules
is exemplarily shown for the case of three (G2) or five (G3) oxygen molecules close to the
pentacene molecule. d) Position dependent change of the pentacene triplet lifetime for a given
number of surrounding molecular oxygen in different adsorption geometries (compare G4 and
G5, or G6 and G7): CO molecules have a stabilizing effect on some adsorption geometries. The
tip-sample distance is chosen as close as possible, so that the molecules do not become mobile
on the surface. The different tip-sample separation distances result in different attractive and
repulsive contributions to the overall resolution of the images. e) Experimental results of the
triplet lifetimes of a pentacene molecule in geometry G8 and G0 in presence and absence of a
CO molecule demonstrate that CO molecules do not influence the triplet lifetime of a pentacene
molecule. Size of the nc-AFM images: 2.3 nm by 2.3 nm (G0-G5 and G8) and 2.5 nm by 2.5 nm
(G7). Figure is taken from [56].
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Fig. 5.5. Adsorption site determination of the adsorbed molecular oxygen on NaCl. The ad-
sorption position of an individual pentacene molecule on NaCl is known from literature [122, 407]
and was found to be adsorbed with its center on top of a chlorine anion with the long molecular
axis aligned with the polar direction of the NaCl surface. The adsorption site and orientation
of pentacene on NaCl serves as a reference to include the NaCl lattice (displayed with coloured
circles in the images). The crosses indicate center positions of the respective molecules extracted
from fits. The inset in the image of G7 displays an nc-AFM image located at the position in-
dicated in the image with dashed lines at a closer tip-sample separation distance. The O2 and
CO molecules are found to adsorb close to a sodium site of the lattice. The scaling of all images
is the same with the corresponding scale bar displayed in the image of the adsorption geometry
G1. All images are taken from the SI of reference [56].
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to G7) with atomic resolution in real space. Additional information is given in the SI of
reference [56]. Molecular oxygen in its triplet ground state (O2) is known to quench triplet
excited states of other species [408]. After coadsorbing of molecular oxygen onto the sam-
ple surface this quenching process could be directly related to the adsorption geometry of
the molecular oxygen with respect to a single pentacene molecule.
In panel 5.4a an exemplary adsorption geometry G1 is investigated. In the highly re-
solved nc-AFM image of figure 5.4a taken with a CO terminated tip, a pentacene molecule
with two O2 molecules in close vicinity to its center can be resolved, compare model of
the adsorption geometry in figure 5.4a. The exponential decay of the triplet population
is exemplarily displayed for the adsorption geometry G1 in figure 5.4a. With oxygen in
close vicinity to the pentacene molecule the lifetime reduces by approximately two orders
of magnitude. Interestingly, in this example the decay of the triplet population is best
described with a single exponential fit, see figure 5.4a. Suggesting that the triplet decay
is dominated by the energy-transfer rate to the molecular oxygen.

Figure 5.5 visualizes the adsorption site determination of molecular oxygen on NaCl based
on the experimental results. The adsorption position and orientation of individual pen-
tacene molecules on a NaCl surface is known from literature [122, 407] to adsorb with
its center on top of a chlorine anion with the long molecular axis aligned with the polar
direction of the NaCl surface. By determination of the center of the resolved pentacene
structures in the nc-AFM images, the NaCl lattice could be included in the images (coloured
circles in the images of figure 5.5). For the adsorption geometries G1 to G3 the position
of the NaCl lattice could be adjusted directly by visual determination of the center of the
highly resolved pentacene structure. The centres of the pentacene features of the less re-
solved images was determined by fitting the pentacene feature with a bathtub shape. The
center position of this fit is indicated by grey crosses in figure 5.5. In all examples, the
O2 and the CO molecules were found to adsorb close to a sodium site of the lattice. For
the examples with larger tip-sample separation distances and lower resolution, where the
center of the O2 and the CO is not easy to identify visually, the corresponding features
of the images were fitted with a 2D-Gaussian function. The center determined with these
fit functions for the O2 and the CO molecules are indicated with red and blue crosses,
respectively in figure 5.5.

The experimental adsorption site determination was complemented by DFT calculations
which confirmed the adsorption of the molecular oxygen on top of sodium sites of the lattice
and revealed additional details about the adsorption conformation. Images displaying the
results of the simulated adsorption conformation of molecular oxygen on a NaCl surface in
vicinity to a pentacene molecule are displayed in figure 5.4b for the example of adsorption
geometry G1. It was found that the O2 molecule exhibits a pronounced tilting towards
the pentacene molecule in the range of 45° to 60°. Additional details to the experimental
and theoretical adsorption site and conformation determination can be found in the SI of
reference [56].
Notably, the simulations also confirmed that O2 molecules which are adsorbed on NaCl are
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in a triplet ground state, for details see SI of reference [56].
The determination of the triplet population decay is again found to be robust against vari-
ations of the tip height, see SI of reference [56].
The lifetime is found to depend on the number of molecular oxygen located directly next
to an individual pentacene molecule, as displayed in figure 5.4c. Interestingly, a very pro-
nounced difference in the lifetimes of the triplet state population of pentacene was found
for the same number of surrounding O2 molecules located at different adsorption sites, see
figure 5.4d.
All O2 molecules in close vicinity of the pentacene molecule could be removed by atomic
manipulation, see G0 in figure 5.4e. The average decay time, ⟨k⟩ = 1

3

∑
i τ

−1
i of the pristine

pentacene single molecule measurement without O2 present on the sample surface was re-
covered. However, the individual triplet lifetimes τ1, τ2 and τ3, determined from the triple
exponential fit, slightly differed. It is very likely that molecular oxygen was adsorbed onto
the tip in vicinity of the AFM junction. Notably, the adsorption of O2 molecules directly
at the tip-apex can be excluded, since this would result in a characteristic resolution of
the nc-AFM images [115]. Molecular oxygen might for example have adsorbed onto the
tip during the dosing procedure or during the tip-manipulation procedures, where O2 was
removed from the vicinity of individual pentacene molecules. Molecular oxygen adsorbed
to the tip in vicinity of the AFM junction may create a small dipolar magnetic field [56].
A mixture of the pristine triplet states Tx, Ty and Tz to a new set of three eigenstates can
be envisioned in the presence of a magnetic field [56]. This would result in the observed
change of lifetimes τ1, τ2 and τ3, whereas the average decay time ⟨k⟩ should remain the
same. Additional details are discussed in the supplementary text of reference [56].
In a control experiment the presence of a CO molecule adsorbed in the direct vicinity of an
individual pentacene molecule was investigated (G8 in figure 5.4e). It was found that CO
molecules have no effect on the triplet lifetime of a pentacene molecule and the detected
lifetime of G8 is identical to the one determined for G0.

In summary an all-electronic method to detect the lifetime of excited electronic states
of single molecules on inert insulating surfaces based on AFM has been presented. The ad-
sorption position dependent strong quenching effects of molecular oxygen in direct vicinity
to individual pentacene molecules were detected with atomic-resolution in real-space and
could be directly related to single pentacene molecule triplet decay lifetimes.



Chapter 6

Summary and outlook

In this thesis three different topics are treated. All these topics are allocated at the cross-
section of physics and chemistry. Questions from the field of chemistry are investigated
by physical methods, i.e. by atomic force microscopy (AFM) and scanning tunneling mi-
croscopy (STM). The first part of this study addresses a detailed structural and electronic
investigation of stable organic Blatter radicals. Due to their atomic composition and the
associated low spin-orbit coupling and hyperfine interactions, organic radicals are promis-
ing candidates for spintronic applications. The second topic deals with tip-induced ether
bond fission of different compounds. In this context, the chemical concept of inducing het-
erolytic bond fission by charging of species is realized with the STM-tip. With this cleaving
mechanism reactive species, such as carbyne model compounds and a p-quinodimethane
derivative, could be generated and investigated. In the last section a novel all-electronic
AFM-based technique to detect triplet lifetimes is introduced. Using this method, single
pentacene triplet lifetimes could be probed and the quenching by closely adsorbed molecu-
lar oxygen could be investigated on an atomistic level. All three topics highlight the broad
spectrum of AFM/STM applications and its impact on the field of chemistry.

Investigation of the Blatter radical derivatives
Two Blatter radical derivatives were investigated on a Au(111) surface. Distinct features
of the substances could be identified by atomically resolved non-contact AFM (nc-AFM)
with CO-tips. A narrow zero bias peak could be identified as a Kondo resonance in dif-
ferential conductance spectra confirming the open-shell character of the adsorbed species.
The peak shape correlated with the different units of the molecules. Notably, the Kondo
peak vanished over the spin isolated moiety of the single Blatter radicals. Low-bias STM
measurements revealed a distinct nodal plane structure corresponding to the SOMO den-
sity, via an imaging mechanism which involves the Kondo resonance. The resolution of
the probed orbital density was exceptionally high compared to common STM orbital den-
sity images on bare metal surfaces. Different assembling schemes of the two compounds
were observed for a submonolayer coverage after annealing the sample to room temper-
ature. The differing arrangement of these Blatter radical derivatives on the surface was
tentatively explained by the different substitutes at the spin-isolated moiety, suggesting
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the possibility of tailoring the assembly while maintaining similar electronic properties,
especially the open-shell character.
For spintronic applications it is a prerequisite to immobilize a defined amount of substance
on a substrate and contact it with metal electrodes, while, at the same time, maintaining
the open-shell character of the compound. Thus, a detailed investigation of the electronic
properties and the assembling schemes of the Blatter radical derivatives with respect to the
sample coverage, the annealing temperature and the functionalization of the spin-isolated
moiety of the radical would be of interest for future spintronic applications.

Tip-induced ether-bond fission
Three carbyne model compounds of different length, a p-quinodimethane derivative and
a phthalocyanine derivative were examined on bilayers of NaCl on Cu(111). All of those
compounds possess phenoxy groups, which could be split-off reliably by the STM-tip, ir-
respective of their size and chemical structure. With regard to the structural differences
of the different substances under investigation, a general applicability can be suggested. A
cleaving reaction mechanism induced by charging the molecules with an electron tunneling
from the tip into the lowest occupied molecular orbital (LUMO) was proposed on the basis
of the experimental data in combination with DFT calculations. The bond fission mech-
anism of the phthalocyanine derivative was found to be different. It could be shown that
the occupation of the LUMO is not decisive for the bond dissociation. Still, the phenoxy
units could be cleaved off reliably.
The bond-order of the products of the carbyne model compounds and the p-quinodimethane
derivatives after splitting-off all phenoxy groups from the precursors were investigated by
atomically resolved nc-AFM with a CO-tip. For carbyne, a carbon allotrope in an infinite
single strand consisting of sp-hybridized carbon atoms, two forms are proposed, linking
to two different bond-orders. In one form the carbyne has a cumulene bond-order with
metallic properties in the other form it has an alternating single and triple bond-order with
semi-conducting properties. Because of these considered differences in the electronic prop-
erties, it is intriguing to investigate the bond-order of carbyne model compounds, which
possess a similar structure as carbyne but in finite length. P-quinodimethane derivatives
may possess small singlet-triplet gaps. This property reflects the competition between two
chemical structures with different bond order, an aromatic closed-shell structure and a
quinoidal biradical form. Investigation of the bond-order grants direct access to informa-
tion on these electronic properties. The investigated products exhibited a mixture of the
proposed bond-orders, deduced from the chemical resonance structures, illustrating the
concept of resonance experimentally for intriguing examples, where the bond-order has
considerable impact on important electronic properties of the substance. Interestingly, a
long-proposed high free valance on the terminal carbon atoms of the p-quinodimethane
product could be directly imaged, underlining the high reactivity of this compound.
Following these results, some starting points for further investigations may be proposed.
Experiments on longer representatives of the p-quinodimethane group and the carbyne
model compounds would shed light on the trends of the electronic properties with respect
to the length of the molecule. Additionally, the mild conditions for bond fission indicate
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that by thoroughly engineering the chemical structure of these compounds and by suited
selection of the system, the LUMO of the respective compound can be further shifted
towards the Fermi level of the sample with the goal to induce spontaneous bond disso-
ciation on the respective surface. Another point might be the formation of longer wires
by connecting the reactive center fragments, e.g. via tip-manipulation. Furthermore, it is
important to investigate the influence of the electrostatic interaction between the reactive
products and the ionic surface. From this perspective, it might be helpful to investigate
the substance of interest on different insulating surfaces.

Detection of triplet lifetimes and the effect of oxygen quenching
A new all-electronic method to detect the lifetime of excited electronic states of single
molecules on inert insulating surfaces based on AFM has been introduced. The technique
has been tested by detecting the triplet decay time of individual pentacene molecules ad-
sorbed onto thick NaCl films (> 20 monolayers) grown on a Au(111) substrate. Single
molecule lifetimes are now easily accessible and can be directly related to atomically re-
solved real-space information enabled through the unique AFM technique.
In this method, a pump-and-probe pulse scheme is applied to a back-gate electrode. By
thoroughly gating the sample with this pulse scheme different charging processes can be
induced in one measurement cycle. Thereby, an electron can be elevated into an excited
electronic state. The outcome of the experiment can be mapped to different charge states.
Thus, the population of the different electronic states may be detected by the AFM even
if the actual electronic states under investigation have the same charge state. Note that
a very critical property of the pump-and-probe pulse scheme is the adjustable dwell time.
By adjusting the time between pump and probe pulse different population ratios specific
for the respective dwell time can be accessed and the excited state lifetime, here the triplet
decay time, can be deduced.
The triplet decay of a pristine single pentacene molecule was best described by a triple
exponential fit. A triple exponential fit would be expected, since the three triplet states are
generally non-degenerate considering the zero-field splitting evoked by effects of dipolar or
spin-orbit interactions. The detected triplet decay times associated with these three triplet
states are differing substantially.
The quenching of molecular oxygen adsorbed in close vicinity to the individual pentacene
molecules could be investigated. By combining the new technique with atomically resolved
nc-AFM imaging with CO-tips, the varying, quenched triplet decay lifetimes could be re-
lated to distinct atomically resolved adsorption geometries of the single pentacene and the
oxygen molecules. The detected triplet decay lifetimes of individual pentacene molecules in
close vicinity to molecular oxygen reduced drastically by almost two orders of magnitude,
with the triplet decay being dominated by the energy-transfer rate to the molecular oxygen.
The quenching was found to crucially depend on the adsorption geometry of the molecu-
lar oxygen with respect to the single pentacene molecule. Different adsorption geometries
consisting of one pentacene molecule and one to five oxygen molecules were investigated
in the experiments.
In the context of chemical applications, this novel technique has the potential to push
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forward into the field of photochemistry and reveal new insights into long-standing funda-
mental questions of reaction mechanisms involving electronically excited states.
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[10] Krüger, J.; Garcia, F.; Eisenhut, F.; Skidin, D.; Alonso, J. M.; Guitián, E.; Pérez, D.;
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Martin, N.; Écija, D. On-surface synthesis of organocopper metallacycles through
activation of inner diacetylene moieties. Chem. Sci. 2021, 12, 12806–12811.

[28] Martin-Fuentes, C.; I. Urgel, J.; Edalatmanesh, S.; Rodriguez-Sánchez, E.; Santos, J.;
Mutombo, P.; Biswas, K.; Lauwaet, K.; M. Gallego, J.; Miranda, R.; Jelinek, P.;
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nio, M.; Sancho-Garcia, J. C.; Fernández-Rossier, J.; Pignedoli, C. A.; Müllen, K.;
Ruffieux, P.; Narita, A.; Fasel, R. Large magnetic exchange coupling in rhombus-
shaped nanographenes with zigzag periphery. Nat. Chem. 2021, 13, 581–586.

[174] Turco, E.; Mishra, S.; Melidonie, J.; Eimre, K.; Obermann, S.; Pignedoli, C. A.;
Fasel, R.; Feng, X.; Ruffieux, P. On-Surface Synthesis and Characterization of Super-
nonazethrene. J. Phys. Chem. Lett. 2021, 12, 8314–8319.

[175] Preis, T. Electronic characterization of graphene nanoribbons from different perspec-
tives. Ph.D. thesis, Universität Regensburg, 2021.



LITERATURE 127

[176] Bartels, L.; Meyer, G.; Rieder, K.-H. Controlled vertical manipulation of single CO
molecules with the scanning tunneling microscope: A route to chemical contrast.
Appl. Phys. Lett. 1997, 71, 213–215.
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niberti, G.; Gourdon, A.; Meyer, G.; Gross, L.; Moresco, F.; Peña, D. Tetracene
Formation by On-Surface Reduction. ACS Nano 2016, 10, 4538–4542.

[303] Urgel, J. I.; Hayashi, H.; Di Giovannantonio, M.; Pignedoli, C. A.; Mishra, S.;
Deniz, O.; Yamashita, M.; Dienel, T.; Ruffieux, P.; Yamada, H.; Fasel, R. On-Surface
Synthesis of Heptacene Organometallic Complexes. J. Am. Chem. Soc. 2017, 139,
11658–11661.

[304] Li, Q.; Yang, B.; Lin, H.; Aghdassi, N.; Miao, K.; Zhang, J.; Zhang, H.; Li, Y.;
Duhm, S.; Fan, J.; Chi, L. Surface-Controlled Mono/Diselective ortho C–H Bond
Activation. J. Am. Chem. Soc. 2016, 138, 2809–2814.
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Narita, A.; Fasel, R.; Müllen, K. On-Surface Synthesis of Unsaturated Carbon Nanos-
tructures with Regularly Fused Pentagon–Heptagon Pairs. J. Am. Chem. Soc. 2020,
142, 10291–10296.

[313] Franc, G.; Gourdon, A. Covalent networks through on-surface chemistry in ultra-high
vacuum: state-of-the-art and recent developments. Phys. Chem. Chem. Phys. 2011,
13, 14283–14292.

[314] Lackinger, M.; Heckl, W. M. A STM perspective on covalent intermolecular coupling
reactions on surfaces. J. Phys. D: Appl. Phys. 2011, 44, 464011.

[315] Zhang, X.; Zeng, Q.; Wang, C. On-surface single molecule synthesis chemistry:
a promising bottom-up approach towards functional surfaces. Nanoscale 2013, 5,
8269–8287.

[316] Held, P. A.; Fuchs, H.; Studer, A. Covalent-Bond Formation via On-Surface Chem-
istry. Chem. Eur. J. 2017, 23, 5874–5892.

[317] Hu, J.; Liang, Z.; Shen, K.; Sun, H.; Jiang, Z.; Song, F. Recent Progress in the
Fabrication of Low Dimensional Nanostructures via Surface-Assisted Transforming
and Coupling. J. Nanomater. 2017, 2017, e4796538.

[318] Sun, Q.; Zhang, R.; Qiu, J.; Liu, R.; Xu, W. On-Surface Synthesis of Carbon Nanos-
tructures. Adv. Mater. 2018, 30, 1705630.

[319] Clair, S.; de Oteyza, D. G. Controlling a Chemical Coupling Reaction on a Surface:
Tools and Strategies for On-Surface Synthesis. Chem. Rev. 2019, 119, 4717–4776.



LITERATURE 139

[320] Para, F.; Bocquet, F.; Nony, L.; Loppacher, C.; Féron, M.; Cherioux, F.; Gao, D. Z.;
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[380] Pavliček, N.; Majzik, Z.; Collazos, S.; Meyer, G.; Pérez, D.; Guitián, E.; Peña, D.;
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López Navarrete, J. T.; Takimiya, K.; Casanova, D.; Casado, J.; Goodson, T. High
Yield Ultrafast Intramolecular Singlet Exciton Fission in a Quinoidal Bithiophene.
J. Phys. Chem. Lett. 2015, 6, 1375–1384.

[387] Rudebusch, G. E.; Zafra, J. L.; Jorner, K.; Fukuda, K.; Marshall, J. L.; Arrechea-
Marcos, I.; Espejo, G. L.; Ponce Ortiz, R.; Gómez-Garcia, C. J.; Zakharov, L. N.;
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[407] Hernangómez-Pérez, D.; Schlör, J.; Egger, D. A.; Patera, L. L.; Repp, J.; Evers, F.
Reorganization energy and polaronic effects of pentacene on NaCl films. Phys. Rev.
B 2020, 102, 115419.

[408] Schweitzer, C.; Schmidt, R. Physical Mechanisms of Generation and Deactivation of
Singlet Oxygen. Chem. Rev. 2003, 103, 1685–1758.


	Introduction
	Theoretical background
	Scanning tunneling microscopy and spectroscopy
	Scanning tunneling microscopy
	Scanning tunneling spectroscopy

	Atomic force microscopy
	Frequency shift for small oscillation amplitudes of the cantilever
	High resolution atomic force microscopy with functionalized tips
	Kelvin probe force microscopy and spectroscopy
	Charge states and electronic states on thick insulating films
	Alternate-charging scanning tunneling microscopy


	Experimental setup and methods
	Apparatus
	Sample preparation
	Modes of data acquisation
	Sensor
	Dual evaporator

	Investigation of stable organic radicals
	The Kondo effect in STM
	Stable organic radicals
	Investigation of two Blatter radical derivatives

	Tip-induced ether-bond fission
	On-surface chemical reactions studied by AFM and STM
	Investigation of dimethylacetylene derivatives
	Investigation of a phthalocyanine derivative
	Investigation of a p-quinodimethane derivative

	Detection of triplet state lifetimes by AFM
	Detection principle
	Atomically resolved triplet quenching

	Summary and outlook
	Literature

