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1 Introduction

In the middle of the last century, inorganic semiconductor re-
search evolved from an emerging field into a powerful technolo-
gy, having a tremendous impact on many areas of our daily life.
The production of bipolar and field effect transistors enabled the
development of today omnipresent microelectronics.

From this time onwards, the number of the transistors per area
in electronic components doubles about every two years. These
numbers follow Moore’s law [1], who postulated this relation-
ship already in 1965. Meanwhile, the manufacturers encounter
severe problems in their striving for ever faster and more effi-
cient microprocessors. The previously continuous downsizing of
transistors based on silicon is intrinsically limited, and physical
limits are expected to be reached no later than in 2020 [2].

The semiconductor industry is, therefore, forced to increase the
size of computer chips for more transistors and to operate with
a higher clock frequency. Both leads, however, to a rising en-
ergy consumption and higher waste heat. For this reason, sci-
entists worldwide are intensively searching for new materials
and processing strategies that can soon serve as a replacement
for conventional silicon-based structures. These materials will
represent the foundation for future electronics.

The currently most promising alternative to silicon is carbon.
Carbon materials can provide substantial charge transport prop-
erties in systems with conjugated double bonds. Moreover, car-
bon is readily available in sufficient quantities. Therefore, mole-
cular electronics is regarded as an extremely aspiring strategy
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1 Introduction

to overcome the limits of silicon technology. The beginning of
molecular electronics research dates back to the description of
a single-molecule rectifier in 1974 [3]. The strategy of molecu-
lar electronics aims at using molecules instead of conventional
semiconductor materials. The use of organic molecules leads to
a minimum feature size in the nanometer range. Thus, mole-
cular electronics bear the potential to produce smaller, cheaper
and more efficient computer components in the future.

Nowadays, single functional units can be successfully built from
organic molecules, for example switches [4], transistors [5] or
diodes [6]. However, the molecules need to be connected to other
units for arriving at an integrated functional device. This inter-
connection, however, still posing significant challenge in mole-
cular electronics.

Extended wire structures are necessary for the networking of
the molecular components. These large structures are, however,
in general extremely insoluble and, therefore, not accessible by
usual synthesis methods. A strategy to overcome this obstacle is
the bottom-up construction of the required structures on the sup-
porting surface. In contrast to the classical top-down principle,
the bottom-up approach enables to build tailor-made molecular
structures starting from predefined monomers. These monomer
molecules can be easily deposited onto a surface and form the
desired structure in situ.

Molecular self-assembly represents a powerful strategy to pro-
duce the desired nanostructures in a parallel fashion. A signif-
icant feature of molecular self-assembly is to benefit from weak
and, therefore, mostly reversible interactions, such as van-der-
Waals forces, π-π interactions and hydrogen bonding [7]. The
reversibility of these bonds is inherent to self-assembled struc-
tures and offers the possibility to reach an ordered structure in
thermodynamic equilibrium.

Electronic components, however, need to provide thermal and
chemical stability, which is difficult to achieve with reversible in-
teractions solely. Moreover, to arrive at structures with sufficient
charge transport properties, conjugated structures are manda-
tory. Thus, the self-assembled structures have to be processed
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in a second step by covalent linking of the monomer molecules,
in order to be able to guarantee sufficient stability and high con-
ductivity for future applications. So far, this on-surfaces synthe-
sis of organic molecules has been investigated only recently on
metal surfaces [8]. However, the restriction to metallic surfaces
constitutess a significant limitation for the future application in
molecular electronics, since electronic devices, e.g. wires, require
electrical decoupling from the supporting substrate.

To address this issue, this thesis explores on-surface synthesis
on an electrically insulating substrate, namely calcite. After the
introductory chapters, the self-assembly of structurally related
organic molecules is investigated in terms of their interaction
with the calcite substrate and their possibility to produce cova-
lently bonded, extended structures.

In Chap. 6 the subtle balance between molecule-surface and in-
termolecular interactions is reflected in the coexistence between
two different molecular structures, allowing for gaining insights
into the driving forces behind the molecular self-assembly. In
Chap. 7, results are presented that demonstrate the first direct
visualization of the deprotonation step of a carboxyl group on an
insulating substrate. The resulting phase is anchored by electro-
static interaction of the deprotonated carboxylate moieties with
the surface calcium cations. The controlled activation of this
substrate templating effect is demonstrated in Chap. 8 by in-
ducing molecule deprotonation upon annealing the substrate.

Finally, the successful linking of halide substituted organic mol-
ecules will be demonstrated on the nonconductive calcite sur-
face. In Chap. 9, the use of different halide substituted benzoic
acid molecules is shown for the coupling reaction upon thermal
activation. The comparatively high binding strength of the de-
protonated carboxylic group towards calcite is exploited to avoid
desorption upon annealing the surface. The rational approach
of this concept is confirmed by systematically varying both the
position and the number of halide substitution, resulting in con-
jugated molecular wires, zig-zag structures as well as dimers.

By varying the halides within a molecule, as discussed in
Chap. 10, opportunity promising possibility for the covalent link-
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1 Introduction

ing of molecules in a hierarchical manner is shown by the selec-
tive activation of defined sites. The results of this thesis, thus,
constitute a significant step towards exploiting on-surface syn-
thesis for molecular electronics and related applications.
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2 Measurement Methods
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The invention of scanning probe microscopy represents a pivotal
development in the field of surface science. Many of the current
advances in the area of nanotechnology would not have been pos-
sible without the information gained from scanning probe mi-
croscopy.

This chapter will describe the basic principles of the atomic force
microscopy (AFM) technique and a related method, namely the
Kelvin probe force microscopy (KPFM). Within this thesis, I have
used both techniques in the frequency modulated (FM) mode,
refered to as the FM-AFM and FM-KPFM.
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2 Measurement Methods

2.1 Atomic Force Microscopy

Historical Background

A great milestone in surface science was the invention of the
scanning tunneling microscope (STM) in 1981 [9]. For the devel-
opment of the STM Binnig and Rohrer were awarded the Nobel
Prize in physics in 1986 [10]. Nowadays, the technique is es-
tablished as a most powerful tool in the field of surface science,
which can achieve topographic images with highest spatial reso-
lution [11]. This analysis technique is based on a tunneling cur-
rent measured between the scanning tip and the investigated
sample. However, this limits the technique to conductive sub-
strates.

Thus, Binnig et al. have invented the atomic force microscope
(AFM) in 1986 [12]. The AFM measures forces between the tip
and the surface atoms instead of the tunneling current in STM
to obtain an image of the surface. In the AFM, the tip is attached
to the end of a cantilever. If the tip is close to the surface, this
cantilever is deflected due to the forces between tip and surface
(see Fig. 2.1).

Figure 2.1: Basic prin-
ciple of AFM: The in-
teraction forces between
the tip and the sample
surface cause a deflec-
tion of the cantilever. In
the most-common beam-
deflection setup, this de-
flection is read out by re-
flecting a laser beam on
a photo diode. (Adapted
from [13])
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2.1 Atomic Force Microscopy

For imaging the sample, the cantilever is scanned over the sur-
face in a line by line mode. In parallel to this scanning move-
ment, the deflection of the cantilever is detected by a laser beam,
which is reflected from the backside of the cantilever onto a
position-sensitive photo diode [14]. The changes in the force be-
tween tip and surface can, thus, be capture by the deflection sig-
nal and result in an image of the surface. Already very early
AFM was used in a variety of studies, covering topics ranging
from biological studies of cells [15] to DNA on surfaces [16].
However, the goal of atomic resolution was achieved first in 1996
by AFM operated in non-contact (NC) mode. After atomic reso-
lution had once been shown on Si(111)−7×7 [17; 18], a large
number of studies followed, presenting atomically resolved im-
ages on a large variety of surfaces [19].

Forces in AFM

As already mentioned, the interaction between an AFM tip and
a surface is determined by the interplay of various forces. The
most important forces will be discussed here briefly.

Short-Range Forces

Short-range chemical forces are caused by the overlap of the elec-
tron wave functions of the atoms of the tip and the surface and
by the repulsion of the atomic nuclei. Chemical forces can be
both, repulsive and attractive. For example, they may result in
the formation of bonding orbitals of tip and sample, but they also
can form nonbonding orbitals [20].

Usually, repulsive chemical forces are described by an empirical
potential,

Urep =

(σ

d

)n
; n = 9, ...,16 (2.1)

where d is the distance between the atomic centers and σ an
empirical parameter.
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2 Measurement Methods

Figure 2.2: Model of a
cantilever tip above the
sample surface.

D
d

sample

R

cantilever
tip

The chemical forces are characterized by their short-range na-
ture with decay lengths below 1 nm (indicated in Fig. 2.2 by d).
As shown by theoretical calculations short-range chemical forces
are decisive for obtaining images with atomic resolution [21]. To
model these short-range forces, typically model potentials such
as the Morse potential or the Lennard-Jones potential are em-
ployed.

Van-der-Waals Forces

Van-der-Waals (vdW) forces are based on electrostatic dipole-
dipole interactions. The forces describe the interaction of both,
permanent and induced dipoles. The vdW forces are always
present and thus, have to be considered in any AFM experiment.
Van der Waals forces are, with few exceptions, always attractive.
The range is large, 1 nm - 100 nm, thus not only the atomic tip
apex, but the mesoscopic tip has to be considered. The interac-
tion potential U between two neutral atoms is a function of their
distance and their mutual polarizability [22].
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2.1 Atomic Force Microscopy

The potential U(r) for vdW interactions is given by:

U(r)= −
C

r6 (2.2)

where r is the radius and C a constant term to represent the two
atoms depending on their properties.

As the vdW forces act over a wide range, there are uncountable
dipole-dipole interactions between the atoms of the tip and the
surface. Therefore, these forces are difficult to consider in an
atomistic model. Hamaker offered a simplification by describing
the tip and the surface as a continuous material characterized
by macroscopic material properties [23].

The force FvdW between two macroscopic objects is defined by
the Hamaker summation method as:

FvdW = ρtρs

∫

Vs

∫

Vt

−∇

(

−
C

r6

)

dVtdVs (2.3)

Here, ρt/s are the materials’ densities and Vt/s are the volumes of
the tip and surface. By using the material-dependent Hamaker
constant [24] H =π2Cρtρs, Eqn. 2.3 reads:

FvdW = H

∫

Vs

∫

Vt

−∇

(

−
1

r6

)

1

π2 dVtdVs (2.4)

For a spherical tip of radius R, which is located at a distance
D from a flat surface (see Fig. 2.2) the following vdW force is
calculated:

FvdW = −
HR

6D2 (2.5)
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2 Measurement Methods

The values for H are in the order of 10−19J. The vdW forces
extend over a large surface area and, therefore, they do not con-
tribute to the atomic structure in the AFM image. Thus, for
high-resolution imaging, vdW forces are undesirable. To min-
imize these forces, it is necessary to use very sharp tips, as is
apparent from Eqn. 2.5.

Electrostatic forces

Electrostatic forces are present between conductive tips and con-
ductive samples if these are at different electrostatic potentials.
A contact potential difference occurs naturally if the tip and the
sample have different work functions. Electrostatic forces are
also present between localized charges situated in electrically
insulated tips or samples. Most likely, these types of localized
charges emerge easily due to the surface preparation such as
cleaving a bulk insulating crystal. Usually, these charges are
stationary and do not leak off from a non-conductive sample [25].
This situation can also described approximately by a contact po-
tential difference.

The system of tip and sample forms a capacitor with capacitance
C. The electrostatic force Fel with an externally applied voltage
Udc and a contact potential difference Ucpd is given by:

Fel = −
1
2
∂C

∂z

(

Udc −Ucpd
)2 (2.6)

Thus, this force can be compensated by applying an appropriate
voltage Udc. In the experiments performed in this thesis, this is
usually done by a constant value for Udc, determined once at the
beginning of the measurement.

By using an additional feedback loop, this voltage compensation
can be performed for every sample position. By recording the re-
quired voltage to compensate the electrostatic force during scan-
ning, one obtains information on local changes of charges on the
sample surface. This special version of NC-AFM is referred to as
Kelvin probe force microscopy (KPFM) [26]. This technique will
be described in Sec. 2.2.
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2.1 Atomic Force Microscopy

Lennard-Jones potential

A very common analytical description of the interaction between
two atoms is the Lennard-Jones potential with empirical param-
eters (σ and ǫ):

ULJ(d)= 4ǫ
(

(σ

d

)12
−

(σ

d

)6
)

(2.7)

Figure 2.3: Lennard-
Jones potential for
describing a pairwise
atom-atom interaction:
This potential is com-
posed of a repulsive
term, which results from
the Pauli exclusion prin-
ciple, and an attractive
term that models the
atomic vdW forces.

Potential

Force

repulsive
region

attractive
region

1.0 1.5 2.0 2.5

0

Distance between two atoms, /d σ

U
LJ

F
LJ

The attractive vdW interaction is considered in the d−6 term
wile the d−12 term is an empirical description of the repulsive
chemical interaction. The Lennard-Jones potential represents
a very useful model for the interaction between the atoms as a
function of distance (Fig. 2.3).
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2 Measurement Methods

Working principle

In AFM, different methods to measure forces are used, resulting
in various modes of operation. A very fundamental differentia-
tion is made between static and dynamic AFM.

In the static mode, also named contact AFM mode, the can-
tilever, having a stiffness k, is usually scanned at a constant
distance to the sample surface. The distance is controlled by
a feedback loop whose control signal is the deflection of the can-
tilever that is related to the tip-sample interaction force Fts. Soft
cantilever (k ≈ 0.01 N/m - 5 N/m) should be used for this mode to
achieve a large deflection signal on the photo diode [27].

Typically, the measurement is preformed in the repulsive in-
teraction region (see Fig. 2.3). In this AFM mode, the tip is
generally pressed onto the sample surface, resulting in a blint
tip. Obviously, the lateral resolution is limited by the tip radius.
The large interaction area between tip and sample makes true
atomic resolution impossible (atomic defects cannot be resolved).
When aiming at atomically resolved images, non-contact AFM
(NC-AFM), a dynamic AFM mode, is the method of choice.

In NC-AFM, the cantilever is excited externally, e.g., via a piezo,
to oscillate. In this case, the distance feedback loop can be regu-
lated on different parameters. A differentiation is made between
amplitude modulation AFM (AM-AFM) [28] and frequency mod-
ulation AFM (FM-AFM) [29].

Amplitude modulation AFM

In the AM-AFM method, developed 1987 by Martin, Williams
and Wickramasinghe, the cantilever, having a quality factor Q,
is excited to oscillate at a fixed frequency [28].

When the tip approaches the sample surface, the resonance fre-
quency of the cantilever shifts due to the interaction with the
surface. Hence, the free oscillation amplitude A changes by a
value ∆A to a smaller amplitude Aset (Fig. 2.4). This change
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2.1 Atomic Force Microscopy

Figure 2.4: Oscillation
amplitudes for the free
oscillating measurement
tip (blue) and in inter-
action range (red): Re-
pulsive forces lead to a
frequency shift towards
higher frequencies. The
cantilever is still excited
at f0 in AM-AFM, thus,
the oscillation amplitude
is reduced by ∆A.

A
m

p
lit

u
d

e

Frequency
f0

Aset

A

ΔA

in the amplitude of oscillation is used as the control variable for
the distance feedback loop.

A severe disadvantage of this method is the long response time.
The oscillation amplitude changes only after a settling time of
τAM ≈ Q/(π f0) [29]. Very high Q-values arise especially under
vacuum conditions [30] and result in very long measurement
times. Therefore, AM-AFM is usually not used under UHV con-
ditions.

Frequency modulation AFM

The FM-AFM mode was developed in 1991 by Albrecht, Grütter,
Horne and Rugar [29]. In FM-AFM, the cantilever is again ex-
cited to oscillate. Due to the interaction between tip and sample,
which can be expressed by the force gradient kts, the resonance
frequency f0 of the free oscillating cantilever will change to the
current resonance frequency f by ∆ f = f − f0.

13



2 Measurement Methods

For harmonic oscillator, f0 is defind by the following equation:

f0 =
1

2π

√

k

m∗
(2.8)

with k being the stiffness and m∗ being the effective mass of the
cantilever.

If the tip is brought close to the surface, the forces discussed in
Sec. 2.1, caused by the interaction between the tip and sample,
affect the oscillating tip. For small oscillation amplitudes and a
large distance between tip and surface, the kts can be assumed to
be constant during the period of oscillation. Therefore, Eqn. 2.8
can simply be complemented by kts = ∂Fts/∂z [27]:

f =
1

2π

√

k+
∂Fts
∂z

m∗
(2.9)

Figure 2.5: Operation
in FM-AFM: The reso-
nance curve of the free
oscillation at f0 (blue)
is shifted by attractive
forces between tip and
sample toward lower
resonance frequencies f

(green).
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p
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u
d
e

Frequency
f0f

Δf

In general, kts of repulsive forces has a positive sign, which leads
to an increase of resonance frequency. Attractive forces, in con-
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2.1 Atomic Force Microscopy

trast, usually manifest themselves by a reduced resonance fre-
quency (Fig. 2.5).

A mathematical relationship between the frequency shift and
kts is obtained by inserting Eqn. 2.8 and 2.9 into ∆ f = f − f0.
If kts << k, the resulting expression can be simplified using a
Taylor series and the frequency shift ∆ f can be expressed as
[27]:

∆ f =
f0

2k

∂Fts

∂z
=

f0

2k
kts (2.10)

This equation is incorrect for the case of large oscillation ampli-
tudes and short distances of tip and surface, because the force
gradient can no longer be considered as constant during one pe-
riod of oscillation.

Consequently, for calculating ∆ f , the tip-sample force Fts have
to integrate over a whole cycle (q′ = A cos(2π f0t)) [27]:

∆ f (z)= −
f0

πkA2

∫A

−A
Fts

(z− q′)q′

√

A2 − q′2
dq′ (2.11)

Via partial integration follows that the force gradient is con-
volved with a weighting function over a period of oscillation [27]:

∆ f (z)=
f0

2k

2

πA2

∫A

−A
kts

√

A2 − q′2 dq′ (2.12)

=
f0

2k
〈kts〉 (2.13)

In contrast to AM-AFM, the settling time τFM ≈ 1/ f0 is indepen-
dent of the quality factor Q in the FM-AFM [21]. Thus, it is
possible to measure with high Q-cantilevers which improves the
signal-to-noise ratio of the measurement [32].
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Figure 2.6: Block dia-
gram of the electronic:
The cantilever is excited
by a sinusoidal signal
via a piezo. The fre-
quency of the oscillat-
ing signal from the can-
tilever is detected in
the PLL and the dif-
ference ∆ f is passed to
the control electronics.
(Adapted from [31])

The frequency shift is used as the control variable for the dis-
tance feedback loop. The signal path of the frequency shift in-
cluding the necessary electronic components is schematically
shown in Fig. 2.6. The oscillation of the cantilever is detected by
using a four-quadrant photodiode. In analogy to contact mode
AFM, this sinusoidal signal is referred to as FN.

Thi FN signal is passed in both, the Phase-Locked Loop (PLL)
and the amplitude feedback (A FB). The PLL determines the
current resonant frequency f of the cantilever oscillation. As
an output, the frequency shift ∆ f , which is the deviation of the
frequency f from the resonance frequency f0 of the undisturbed
cantilever oscillation, is given. The ∆ f -signal is forwarded to the
distance control circuit and the electronics for recording the ∆ f

image.

In the amplitude feedback, the FN signal is converted into a DC
signal by calculating the root mean square. Thereafter, this
signal is compared with the preset setpoint of the amplitude
(Asetpoint) to kept the amplitude constant by a further feedback
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2.1 Atomic Force Microscopy

loop. The outputs amplitude (A) and dissipation (Γ) are mon-
itored and recorded as separate “images”. Moreover, the con-
trolled amplitude signal is multiplied with the reference signal
from the PLL. By this way, an excite signal is generated that is
directly applied to the excitation piezo.
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2 Measurement Methods

2.2 Kelvin Probe Force Microscopy

Basics

The AFM technique enables mapping of the sample surface, but
does not provide chemical sensitivity. Kelvin probe force mi-
croscopy (KPFM) was introduced to imaging the surface poten-
tial of a surface with high vertical resolution. FM-KPFM is an
extension to the NC-AFM mode and measures the contact poten-
tial difference (CPD) between tip and the sample.

Historically, “Kelvin probe” is derived from Lord Kelvin’s method
of measuring the difference in work function between two mate-
rials in 1898 [33]. Two metals with different work functions Φ1,2,
align their Fermi energy levels by charge displacement upon
electrical contact. However, when a suitable compensation po-
tential is applied between the metals, no equalizing of the Fermi
levels is observable.

Lord Kelvin’s concept was further developed by Zisman [34] and
was first introduced for AFM by Nonnenmacher in 1991 [35],
establishing the method now referred to as KPFM. The KPFM
technique has been used extensively for directly mapping elec-
tronic properties of organic devices [36; 37], biological materials
[38], the charge state of adsorbates [39] as well as the charge
distribution within a single molecule [40]. Recently, KPFM has
also been applied for investigating organic molecules on bulk in-
sulator surfaces [41].

In the KPFM mode, sample and tip can be described as the two
capacitor electrodes. When establishing an electrical contact be-
tween the tip and the surface, the usually different work func-
tions (Fig. 2.7(a)) lead to a charge transfer (Fig. 2.7(b)) and a
corresponding potential difference

Ucpd =
Φsample −Φtip

e
. (2.14)

18



2.2 Kelvin Probe Force Microscopy

Figure 2.7: Energy level
shift of two metals, here
a sample and a tip, with
different work functions
Φsample and Φtip: (a)
without contact, (b) with
electrical back-contact,
(c) with an externally
applied voltage (Udc).
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The electrostatic force (see Eqn. 2.6) can be calculated from the
capacity gradient ∂C/∂z. Thus, the force gradient ∂F/∂z leads to
a charge in the cantilever’s resonance frequency. By applying a
suitable compensating voltage, indicated by Udc in Fig. 2.7(c),
the Fermi-levels are raised into their initial position, the electric
field disappears and, thus, the electrostatic force.

There are alternative approaches to determine the work function
of a surface. A common method is photoelectron spectroscopy
(PES) [42]. This quantitative experimental method determines
the kinetic energy of emitted photo electrons, which have been
excited either by ultraviolet light (ultraviolet photoelectron spec-
troscopy (UPS)) or X-ray (X-ray photoelectron spectroscopy (XPS))
photons. However, the disadvantage of these techniques is that
they provide no spatial resolution. Instead, the sample work
function is averaged over several square millimeters.
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2 Measurement Methods

Of course, STM could be used for spatial resolution [43]. How-
ever, the wave functions of tip and sample have to overlap in
STM to allow for a tunnelling current flowing. Therefore, the
investigated system cannot be designated as undisturbed as it
is influenced by the presence of the tip [44]. Furthermore, insu-
lators cannot be investigated because of the absence of electric
conductivity.

Figure 2.8: When the
applied voltage between
the tip and the sample
is sweeped and the fre-
quency shift of the can-
tilever is captured si-
multaneously, the result
is a parabola. The
position of the vertex
marks Ucpd. For KPFM,
the modulation voltage
Umod is transferred, in
dependence of the value
of Udc, with a various
amplitude and phase to
the Y-axis. By using a
lock-in amplifier and a
feedback loop, the am-
plitude is minimized on
the Y-axis, so that Udc is
continuously adjusted to
Ucpd.

applied voltage

frequency
shift

Udc Ucpd

Umod

As alternative to the aforementioned methods, KPFM [35; 45]
is applicable to insulating surfaces and offers both, a high lat-
eral resolution and quantitative results. No additional measure-
ment have to be made since the KPFM image can be recorded
simultaneously with the topographic image [46]. The operation
of the AFM in non-contact mode assures a very weak interaction
between the tip and the surface. It is, therefore, possible to as-
sume that the electronic properties of the surface are measured
unadulterated.
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2.2 Kelvin Probe Force Microscopy

Components of the Electrostatic Force

For Ucpd = ∆Φ/e, the electrostatic force (Eqn. 2.6) between tip
and sample, having a difference in work functions of ∆Φ=Φsample−

Φtip, can be written as [47]

Fel = −
1
2
∂C

∂z

(

Udc −
∆Φ

e

)2

(2.15)

.

By calculating the gradient and using Eqn. 2.10, the quadratic
relationship between the applied voltage Udc and the frequency
shift ∆ f is given as:

∆ fel ∝
∂Fel

∂z
= −

1
2
∂2C

∂2z

(

Udc −
∆Φ

e

)2

(2.16)

Figure 2.9: Expected
frequency spectrum in
FM-KPFM: The oscil-
lation signal at f0 is
frequency modulated by
fmod and 2 fmod.

A
m

p
lit

u
d

e

Frequency in kHz

f0

10 2 300299 301 302298

f0-2fmod

f0-fmod

fmod 2fmod

f0+fmod

f0+2fmod

The position of the apex of the red parabola in Fig. 2.8 marks the
point where the applied voltage compensates the contact poten-
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2 Measurement Methods

tial difference. For this applied voltage Udc, the CPD is nullified
and the electrostatic interaction is minimized. Consequently,
Ucpd can be determined very accurately by fitting the resonance
frequency voltage parabola with a quadratic function.

A continuous adjustment of Udc =Ucpd is achieved by modulating
Udc with a small voltage Umod of frequency fmod. For the total
potential difference this results in [48]:

U = Udc −
∆Φ

e
+Umod cos(2π fmodt) (2.17)

Combining Eqn. 2.15 and Eqn. 2.17 and expanding the squared
sine results in three terms, one static term and two periodic
terms at fmod and 2 fmod:

Fel =−
1
2
∂C

∂z

[(

Udc −
∆Φ

e

)2

+
1
2

U2
mod

]

(2.18)

+
∂C

∂z

(

Udc −
∆Φ

e

)

Umod cos(2π fmodt) (2.19)

+
1
4
∂C

∂z
U2

mod cos(2π2 fmodt) (2.20)

The second term can be used for an efficient determination of
∆Φ. The modulation, caused by Umod, can be detected with a
lock-in amplifier from the signal of the frequency shift. The am-
plitude of this signal is zero when the applied voltage Udc cor-
responds to the contact potential difference ∆Φ/e as is directly
apparent from Eqn. 2.19. The amplitude-signal from the lock-in
amplifier is then used as the control variable for Udc and, thus,
the measurement of the Ucpd can be performed in parallel to the
regular AFM measurements.

In the experimental implementation, there are two different de-
tection possibilities similar to the NC-AFM mode; the amplitude
modulation (AM-KPFM) and the frequency modulation (FM-
KPFM) KPFM. In this work, FM-KPFM is used.
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2.2 Kelvin Probe Force Microscopy

Frequency modulation KPFM

In the FM-KPFM mode, an applied AC voltage induces a modu-
lation of the electrostatic force. As a result, the oscillation signal
is frequency modulated. As shown in Eqn. 2.19 and Eqn. 2.20,
this frequency modulation is at fmod and 2 fmod around f0. Fig.
2.9 shows the expected frequency spectrum for the cantilever
oscillation signal. The signals at fmod and 2 fmod are directly
caused by the electrostatic force, which produces an oscillating
deflection of the cantilever.
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Figure 2.10: Block
diagram of the elec-
tronics: The KPFM
components and lines
are colored in purple
and green, respectively.
For FM-KPFM, the
demodulated ∆ f -signal
at fmod is used to supply
the KPFM-feedback
controller (KPFM FB).
(Adapted from [31])

The amplitude of the sideband at fmod is proportional to (Udc
−∆Φ/e). Thus, to determe Udc =∆Φ/e, the goal is to vary Udc un-
til these side bands disappear. This requires the demodulation
of the oscillation signal, performed in the PLL.

Then a lock-in amplifier determines phase and amplitude of the
modulation fmod. Finally, a KPFM-feedback controller readjust
Udc, so that the modulation signal at fmod disappears to fulfill
Udc = ∆Φ/e. If this condition is met, f0 is no longer frequency
modulated by fmod. In FM-KPFM cantilevers with a spring con-
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2 Measurement Methods

stant above 5 N/m can also be used. There are no limits for the
bandwidth of the detector.

Fig. 2.10 shows the block diagram extended by the electronics
used in FM-KPFM. The newly installed lock-in amplifier (LIA)
generates the reference signal fmod, which is added as a modu-
lating voltage Umod to the output voltage Udc of the Kelvin con-
troller.

The bandwidth of the PLL is larger than fmod, so the electro-
static modulation of the cantilever is preserved in the ∆ f -signal.
In the PLL, thus, a demodulation of the sidebands f0 ± fmod is
performed. For FM-KPFM, the ∆ f signal is passed to the in-
put of the LIA. The ∆ f signal is demodulated by the LIA and
the amplitude and the phase position to the internal reference
fmod are determined. The result is a DC voltage proportional to
(Udc −∆Φ/e). This voltage is utilized by the Kelvin controller as
the control signal to readjust Udc to the value of ∆Φ/e.
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3 Experimental Setup and

Equipment

Contents
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Measurement Electronics and Data Analysis 31

All experiments presented in this thesis are acquired in a ultra-
high vacuum system. This chapter gives an insight into the ex-
perimental setup. In addition, preparation parameters and data
processing are explained.
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3 Experimental Setup and Equipment

Ultra-High Vacuum System

In this thesis, a commercially available UHV system is used,
including a scanning probe microscope, the VT AFM 25 from
Omicron (Omicron NanoTechnology GmbH, Taunusstein, Ger-
many).

Figure 3.1: Ultra-high
vacuum system and at-
tached equipment at the
preparation chamber (A)
and microscope chamber
(B).

A
B

The central UHV system is composed of two main chambers.
The first chamber, labeled with A in Fig. 3.1, is the prepara-
tion chamber, which is used for the preparation of samples and
tips. The heatable and coolable manipulator (Vacuum Genera-
tors Ltd., Hastings, United Kingdom) acts as the main part.

Moreover, several additional components are installed at the pre-
paration chamber:

• an sputter ion gun from Omicron for cleaning the tips,

• two home-built molecule sublimators for deposition the or-
ganic molecules onto the surfaces,

• a home-built crystal cleaver for sample preparation,
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• a quadrupole mass spectrometer e-Vision+ (MKS Instru-
ments, Crewe, United Kingdom) for residual gas analysis
and

• a quartz crystal microbalance from Inficon (Bad Ragaz,
Switzerland) for adjusting the molecular deposition rates.

Figure 3.2: (a) View
onto the scanning probe
microscope: The sample
holder is held in posi-
tion by clamping springs
and the probe tip is ap-
proached from the bot-
tom to the sample sur-
face. (b) Electron mi-
croscopy image of an
NCH-PPP 300 kHz AFM
tip prior to use. Cour-
tesy of [Personal data
removed], University of
Osnabrück. (Adapted
from [49; 50])

sample holder

tip holder

(a) (b)

The scanning probe microscope (Fig. 3.2(a)) and a storage carou-
sel for samples and tips are in the second main chamber (marked
with B in Fig. 3.1), which can be completely separated from the
preparation chamber via a valve.

The system performance has been optimized by several steps
[51], e.g., indroduction of a PLL and a new preamplifier. For the
optimized system, the background noise level was determined to
125 fmHz-0.5 [32].

Using this optimized setup, it is possible to image conducting
and insulating surfaces at the atomic scale [52–54] at temper-
atures between 25K and 350K. All images shown in this thesis
are collected at room temperature.

The tips and samples can be replaced via a load-lock chamber.
The load-lock chamber is connected to the preparation chamber.
The pressure in the preparation and the microscope chamber is
usually lower than 1 ·10−10 mbar to minimize contaminations at
the sample surface.

27



3 Experimental Setup and Equipment

Equipment and Accessories

The used molecule sublimator is based on a design from [Per-
sonal data removed] [55] and was adapted to the present cham-
ber by [Personal data removed] [49]. The sublimator consists of
a Knudsen cell [56], which is mounted on a linear translator.

The Knudsen cell is a glass tube, which is closed at one end, hav-
ing an inner diameter of 2 mm and a length of about 15 – 20 mm.
Fig. 3.3 shows a detail image of the Knudsen cell. The glass
tube is heated by a tantalum wire of 0.5 mm in diameter. The
device is equipped with a thermocouple as sensor for tempera-
ture measurements. The contacting for the heating wire and the
thermocouple into UHV is done by a special feedthrough from
Allectra GmbH (Berlin, Germany). The molecules are placed in
the closed end of the glass tube and are secured by glass wool,
as the molecule sublimator is mounted in the “upside down” po-
sition (see Fig. 3.1).

Figure 3.3: The Knud-
sen cell is heated by
a filament made of
tantalum, which is
contacted via the upper
feedthroughs. The tem-
perature can be read out
by the nickel-chromium-
nickel thermocouple
(Type K), melted in
the glass cell and con-
nected via the lower
feedthroughs.

filament

glass wool

glass crucible

molecules

thermo couple

The molecule sublimators are installed in T pieces, which allow
for exchanging the molecules without breaking the UHV in the
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Molecule Purity Tsublimation rdeposition

BPCPPCA 97% 335 K 0.01 ML/min

BPDCA 97% 350 K 0.05 ML/min

DCBA 99% 315 K < 0.01 ML/min

DHBA > 99% 340 K 0.08 ML/min

DIBA 97% 308 K < 0.01 ML/min

DISA 99% 360 K 0.05 ML/min

IBA 98% 345 K 0.04 ML/min

Table 3.1: Specified purities for the molecules employed in this thesis as
well as the corresponding sublimation temperatures and deposition rates
in monolayer (ML) per minute.

remaining system. The Knudsen cell can be moved completely
into the chamber via a linear translator and, thus, the distance
is only about 90 mm to the sample surface in the manipulator
stage.

As shown in numerous experiments, the molecule sublimator al-
lows for reproducible molecule deposition in the submonolayer
range [57–73]. The molecules investigated in this thesis are
purchased from Sigma-Aldrich (Munich, Germany). For each
molecule a new, clean Knudsen cell is used. The molecules are
thoroughly outgassed at room temperature for 60 hours prior to
deposition under UHV conditions.

Lowest possible deposition rates are used in this thesis to ensure
reproducible and well-defined submonolayer coverages. Subli-
mation temperatures and corresponding rates are plotted in
Tab. 3.1. All molecules are sublimated in situ onto the freshly
prepared calcite surface.

The home-built sample holder for ionic crystals is based on the
sandwich design of Omicron. An exploded view of the modified
sample holder is shown in Fig. 3.4(a). The crystals are fixed
by a clamping mechanism. This clamping mechanism has been
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3 Experimental Setup and Equipment

developed by [Personal data removed] [74] and adapted to rect-
angular 4×2 mm2 crystals by [Personal data removed] [49].

Figure 3.4: (a) An ex-
ploded view of the mod-
ified sample holder: The
mechanism comprises a
fixed welded corner on
the mounting plate and
a mobile corner. The mo-
bile corner is pulled tight
by a grub screw and a
ruby sphere. (b) Im-
age of the manufactured
stainless steel sample
holder in the sandwich
design. (Adapted from
[49])

mounting
plate

fixed
corner

mobile
corner

ruby
sphere

grub screw

(a) (b)

The crystals used in this thesis are optical quality calcite sam-
ples from Korth GmbH (Kiel, Germany). Right after bringing
into the UHV chamber, the calcite crystal is annealed to 720 K
for two hours for outgasing. The crystal is cleaved at room tem-
perature with a scalpel blade, which is attached to a wobblestick
[74]. Then, the sample is heated in the preparation chamber to
600 K for about one hour to remove surface charges.

To anneal the calcite substrate, a pyrolytic boron nitride hea-
ter is used, positioned underneath the sample. The temperature
is controlled by a thermocouple mounted at the sample stage
about 25 mm apart from the sample. The temperature specifi-
cations given in this thesis are the corresponding temperatures
expected at the calcite sample based on an individual calibra-
tion curve supplied by the manufacturer (Omicron, Taunusstein,
Germany).

For NC-AFM measurements, n-doped silicon cantilevers (Nano-
World, Neuchâtel, Switzerland) are used (Fig. 3.2(b)), with res-
onance frequencies of around 300 kHz (type PPP-NCH) excited
to oscillation amplitudes of about 10 nm. Prior to their use, the
cantilevers were Ar+ sputtered at 2 keV for 5 min to remove con-
taminants.
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Measurement Electronics and Data Analysis

All experiments are carried out using an electronic from Omi-
cron, namely the Matrix (Omicron NanoTechnology GmbH, Tau-
nusstein, Germany) with the software Matrix V3.0 operated in
the frequency modulation NC-AFM mode. The system is
equipped with an easyPLL Plus controller and PLL detector from
Nanosurf AG (Liestal, Switzerland) for oscillation excitation and
signal demodulation.

For FM-KPFM measurements, a digital lock-in amplifier (HF2LI
from Zurich Instruments AG, Zurich, Switzerland) with built-in
feedback loop is used. The AC voltage with a frequency of around
1 kHz and an amplitude of about 2.3 V is applied to the tip and
compensates the resulting electrostatic force with an offset DC
voltage also applied to the tip (Kelvin signal).

The Open Source software Gwyddion is employed for data pre-
sentation. Using this software, the topographie images were lev-
eled out by the “Three Point Leveling” tool. Numerous detail im-
ages were carefully drift-corrected, following a routine published
by [Personal data removed] [75], to compensate the distortion by
linear thermal drift.

Depending on the feedback loop settings, either frequency shift
(∆f) or topography (Z) images are presented here. For the ∆f
images, the distance feedback loop was set very slow in order
to provide quasi constant-height images while still following the
overall tilt of the sample surface. Image type as well as slow and
fast scan directions are given in the upper right corner in each
image by arrows. The images are displayed such that bright
correspond to high attractive interaction while dark corresponds
to less attractive or even repulsive interactions.
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4 Bulk Insulator

Substrate: Calcite

Contents

Calcite (10.4) Surface . . . . . . . . . . . . . . 34

Surface Reconstructions . . . . . . . . . . . . . 34

Limestone is one of the sedimentary rocks and was formed by the
sedimentation of the shells and skeletons of marine organisms,
which consist of calcium carbonate [76]. Pure calcium carbonate
is found in nature in the crystalline polymorphs calcite, arago-
nite and vaterite. Under normal conditions, however, calcite is
the thermodynamically most stable form.

Calcite has a density of 2.710 g/cm3, a Mohs hardness of 3 and
is transparent in the visual regime [77]. Calcite is also strongly
birefringent [78] and, therefore, is used in optical components
[79]. It is the most abundant simple mineral in the geological
environment [80]. Calcite is of highest importance within many
fields such as biomineralisation [81], environmental geochem-
istry as well as many industrial applications [82]. In this study,
the most stable cleavage plane of calcite is used as the bulk sub-
strate surface.
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4 Bulk Insulator Substrate: Calcite

Calcite (10.4) Surface

Calcite (CaCO3) is a mineral that crystallizes in a rhombohedral
crystal structure. The (10.4) surface is the most stable cleavage
plane and has a rectangular surface unit cell with dimensions of
5.0 × 8.1 Å2 (Fig. 4.1). The surface consists of both the calcium
ions and the carbonate groups.

Figure 4.1: The Bulk
truncated structure of
the calcite (10.4) surface:
Surface unit cell, two re-
constructions: row pair-
ing and (2× 1), and the
zig-zag of the carbon-
ate groups are marked.
(Adapted from [83]) 5 Å5.0 Å
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The surface unit cell contains two carbonate groups that are ori-
ented differently, resulting in a zig-zag structure of the topmost
oxygen atoms along the [42.1] direction. The carbonate groups
form an angle of 44.6◦ to the surface. Thus, the upper oxygen
atoms are approximately 78 pm above and the lower oxygen
atoms are approximately 78 pm below the plane that is defined
by the calcium ions.

Surface Reconstructions

For the (10.4) surface of calcite two surface reconstructions are
discussed in the literature (illustrated in Fig. 4.1 and 4.2). The
first reconstruction is known as row-pairing. This reconstruc-
tion is expressed by the different appearance of the carbonate
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groups along the [42.1] direction, resulting in the impression of
two carbonate groups forming a “pair”. The row-pairing recon-
struction has been observed for the first time in 1992 with the
contact AFM in aqueous solution [84].

A second reconstruction is observed in the [01.0] direction. This
(2×1) reconstruction was observed for the first time in 1991 by
low energy electron diffraction (LEED) [85]. The reconstruction
is identified by a brighter appearance of every second maximum
in [01.0] direction, resulting in a doubling of the unit cell along
this direction.

Figure 4.2: NC-AFM
images of the bare
CaCO3(10.4) surface at
room temperature: (a)
Overview image with
two step edges running
along the [01.0] direc-
tion. (b) Detail image
with atomic resolution
shows row pairing,
(2×1) and zig-zag of the
carbonate groups.

The birefringence of calcite can be used for the exact determina-
tion of the crystal directions on the calcite cleavage plane [31].
Light, which passes the calcite crystal perpendicular to the (10.4)
surface, splits up along the [42.1] direction.

A more detailed and comprehensive description of the bulk struc-
ture of calcite and the (10.4) cleavage surface, its reconstructions
and the different imaging contrasts in NC-AFM can be found in
the thesis of [Personal data removed] [31].
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5 Towards On-Surface

Reactions on Bulk

Insulators
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The bottom-up construction of functional devices from molecu-
lar building blocks offers a great potentail in tailoring materials
properties and functionality with utmost control. An important
step towards exploiting bottom-up construction for real-life ap-
plications is creating covalently bonded structures that provide
sufficient stability as well as superior charge transport prop-
erties over reversibbly linked self-assembled structures. On-
surface synthesis has emerged as a promising strategy for creat-
ing stable, convalently bound molecular structures on surfaces.

In this chapter, the concept of on-surface synthesis and the cur-
rent status of molecular self-assembly on insulating surfaces will
be presented and illustrated by a literature overview discussing
the most recent achievements in the field.
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5 Towards On-Surface Reactions on Bulk Insulators

5.1 Reactions on Metals

Fundamental understanding of reactions of molecules on sur-
faces is of utmost importance for a large number of daily life
applications including fields such as catalysis [86] and fabrica-
tion of functional surface coatings, e.g., for organic solar cells as
well as for smart responsive films. Moreover, covalently linked
conjugated molecules allow for efficient electron transport and
are, thus, particularly interesting for future molecular electron-
ics applications [87; 88].

On-surface synthesis in ultrahigh vacuum provides a promising
strategy for creating thermally and chemically stable molecular
structures at surfaces [8; 89; 90]. The two-dimensional confine-
ment of the educts, the possibility of working at higher (or lower)
temperatures in the absence of solvent, and the templating effect
of the surface bear the potential of preparing compounds that
cannot be obtained in solution.

Manipulation of Individual Molecules

A first publication demonstrating the covalent linking of precur-
sor molecules on a surface dates back to the year 2000 [91]. Via
a Ullmann-similar [92] homocoupling of iodobenzene to biphenyl
on a Cu (111) surface, the covalent connection of individual mol-
ecules has been presented. In this case, the carbon-iodine bond
has been broken by a voltage pulse with the tip of an STM. As a
next step, two closely lying molecular radicals have been pushed
together again using the STM tip. Finally, a second voltage pulse
has been applied to link the radicals to a biphenyl molecule. An
important task has been ascribed to the copper surface, as the
phenyl radicals are stabilized by interactions with the metallic
surface.

For extended nanostructures, this serial process is very time-
consuming and, therefore, unsuitable.
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5.1 Reactions on Metals

The Parallel Approach

A more promising method has been published in 2007 by Grill et

al. [93]. Based on bromine-substituted porphyrins covalent link-
ages have been induced by thermal activation on the Au(111)
surface. By homolysis of the carbon-bromine bond, a phenyl ra-
dial group has been created. The highly reactive molecule is
mobile on the surface and readily reacts with other radicals. It
has been demonstrated that dimers, one-dimensional chains or
two-dimensional networks can be created by controlling number
and position of the bromine atoms (Fig. 5.1).

Figure 5.1: Controlling
the macromolecular
architecture. Results
of different monomer
building blocks with
(a) one, (b) two and (c)
four Br substituents.
Detailed STM images
of the nanostructures
formed after activa-
tion and connection.
(Adapted from [93])
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Following this strategy, other examples exist in the literature,
inducing covalent coupling by the dehalogenation on metallic
surfaces. The coupling of diiodobenzene on Cu(110) has been
shown by Lipton-Duffin et al. [94]. While iodine in para-position
leads to poly(p-phenylene) lines, the polymerization of 1,3-di-
iodobenzene results in poly(m-phenylene) rows with zig-zag struc-
tures or sexiphenylene-macrocycles (Fig. 5.2). The reaction of
diiodothiophene to poly(thiophene) was shown by the same au-
thors on the same surface [95].

Other publications reporting thermal activation of halogen-sub-
stituted precursor molecules have been demonstrated to allow
for fabrication of one-dimensional structures [96; 97] as well as
two-dimensional network arrangements [98–100].
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5 Towards On-Surface Reactions on Bulk Insulators

Figure 5.2: Ullmann
coupling of diiodoben-
zene molecules. (1)
STM image of 1,4-
diiodobenzene rows
after annealing. (2)
1,3-diiodobenzene, dosed
with the substrate held
at 500 K, resulting in
lines with zig-zag struc-
ture. (3) STM image of
PMP oligomers, scanned
at 102 K. (Adapted from
[94])

An interesting example has been given by the combination of the
Ullmann reaction with the Scholl reaction [101]. Following this
approach allows for linking bianthryl derivates in two thermal-
lly activated steps, a dehalogenation and a cyclodehydrogena-
tion step. This has been used for the polymerization of 10,10’-
dibromo-9,9’-bianthryl to graphene stripes on the metal Au(111)
surface (Fig. 5.3) [102].

Carbon-carbon bonds can also be realized without the radical
formation originating from halide-carbon bond. This has been
shown in the polymerization of tetraazaperopyrene by tautome-
rization [103] on a metallic surface. Furthermore, molecules can
be covalently linked by polycondensation reactions on surfaces
[104–106]. The creation of extended two-dimensional networks
has been shown by using co-sublimated benzenediboronic acid
and hexahydroxytriphenylene molecules [107].

Sequential and Site-Specific Reactions

A further step in scientific research is the use of different halo-
gen atoms attached at one molecule. The activation energy for
carbon-halogen bond dissociation has different values for differ-
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5.1 Reactions on Metals

Figure 5.3: Bottom-up
fabrication of graphene
nanoribbons. Basic
steps for surface-synthe-
sis. Top: Dehalogenation
during adsorption. Mid-
dle: Formation of linear
polymers by covalent
interlinking. Bottom:
Formation of fully
aromatic graphene
nanoribbons. (Adapted
from [102])

Dehalogenation C–C coupling

Cyclodehydrogenation

Br Br

Precursor monomer ‘Biradical’ intermediate

Graphene nanoribbon

Linear polymer

ent halogen atoms. This can be exploited for sequential and site-
specific reaction: The carbon-iodine bond can be selectively acti-
vated first, while the carbon-bromine bond remains intact.

This hierarchical approach has been explored in a recent elegant
example using trans-dibromo-diiodo-substituted porphyrins on
Au (111) [108]. In a first heating step, one-dimensional rows
have been created by cleaving the carbon-iodine bond. A sec-
ond heating step at a higher temperature has been exploited to
break the carbon-bromine bond. This has been shown to result in
large network structures by cross-linking the pre-created rows
(see Fig. 5.4).

In all these reactions, the surface has been discussed as an im-
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5 Towards On-Surface Reactions on Bulk Insulators

portant key factor. On the one hand, metals are often seen as a
catalyst for coupling reactions [100], particularly the step edges
are catalytically highly active [109]. Secondly, metal surfaces
offer a comparatively substrate-molecule interaction and, there-
fore, ideal conditions prevail to prevent the molecule desorption
also at higher temperatures. This is of great significance espe-
cially for thermally activated on-surface synthesis, since the sup-
plied heat for activation can readily result in desorption instead
of reaction of the molecules.

Figure 5.4: Hierarchi-
cal growth following se-
quential thermal activa-
tion. Top: Scheme of
the sequential activation
mechanism. Bottom:
STM images of substi-
tuted porphyrins, after
deposition, after heating
to 120◦C and after fur-
ther heating to 250◦C.
(Adapted from [108]

However, when having molecular electronics applications in mind
it would be exceedingly attractive to transfer the on-surface syn-
thesis technique to bulk insulating substrates to prevent electro-
nic coupling to the support surface.

To address this issue, attempts have been made studying the
coupling reaction on thin insulating NaCl films on a metallic
Ag(100) support [110]. This approach has mainly been followed
for the ease of the experiment and to maintain the possibility of
performing STM imaging. However, electrical conductivity mea-
surements for this system [111] have demonstrated that a few
monolayers of a non-conducting substrate cannot provide suffi-
cient electronic decoupling from an underlying metal.

Therefore, reactions of molecules that are intended for the fu-
ture use in molecular electronics have to be performed on a bulk
insulator substrate.
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5.2 Moving to Bulk Insulating Surfaces

5.2 Moving to Bulk Insulating

Surfaces

However, significant challenges have to be overcome to trans-
fer on-surface synthesis by thermal activation to bulk insulat-
ing substrates. While metal surfaces usually exhibit interac-
tion strengths in an energy range that favors molecular self-
assembly [112], prototypical insulating surfaces having low sur-
face energies often lack sufficient interaction with adsorbed mol-
ecules. As a consequence, application-oriented, bulk insulating
materials pose significant challenges when considering them as
supporting substrate for molecular electronics.

In terms of molecule-surface interactions, organic molecules usu-
ally bind stronger to metallic than to prototypical insulating sur-
faces [71]. This strong interaction usually originates from a
hybridization of organic molecular orbitals with the electronic
states of the metal surface [113; 114], and generally supports
surface-wetting molecular overlayers. Macroscopic parameters
such as the surface energy [115] have been suggested [71] as a
first approach for the abstract classification in terms of molecu-
lar wetting layers.

The Interaction Challenge

Molecular self-assembly at surfaces benefits from the fact that
structure formation is not only governed by intermolecular in-
teractions, but also by molecule-surface interactions [116]. For
many prototypical insulating substrate surfaces, the low surface
energy has been shown to result in dewetting and molecular
crystal formation rather than substrate templating. Thus, ex-
ploiting the full potential of molecular self-assembly on insulat-
ing surfaces requires exploring ways to increase the molecule-
surface interaction.

Due to the absence of sufficiently strong and specific molecule-
surface interactions, the molecules diffuse at room temperature
and only nucleate at step edges [117–121]. One of the first ob-
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5 Towards On-Surface Reactions on Bulk Insulators

servation of this behavior has been made for PTCDA molecu-
les on the KBr(001) surface (Fig. 5.5) [119]. In this work, the
weak influence of the substrates has been confirmed by fact that
the molecules aggregate into a structure that closely resembles
the molecular bulk crystal. Later, further examples of a weak
molecule-substrate interaction have been presented leading to
dewetting and often molecular bulks structure formation [122–
126].

Figure 5.5: Arrange-
ment of PTCDA mol-
ecules on a KBr(001)
surface. (a) Overview of
a large area (2 µm)2 of
the KBr surface covered
with PTCDA islands.
(b) Part of an individ-
ual PTCDA crystallite
island; Molecular reso-
lution on the top (inset).
(Adapted from [119])

The molecules of the before presented systems are mainly phy-
sisorbed on the dielectric surfaces, mainly bonded by weak van-
der-Waals interactions. Thus, weak molecule-surface interac-
tions have been identified as major obstacle for transferring mole-
cular self-assembly principles from metallic to insulating sub-
strates.

Anchoring the Molecules

Soon after the first experiments, strategies have been explored
to enhance the templating effect of the surface on the molecu-
lar structure formation. As a first attempt, the substrate sur-
face has been patterned to guide the molecule nucleation at step
edges and surface pits [127–133]. Upon irradiation with an elec-
tron beam, monolayer deep pits can be produced on KBr(001)
[134], which can either trap full molecular islands [133] or which
step edges can act as nucleation sites for subsequently deposited
molecules [127].
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5.2 Moving to Bulk Insulating Surfaces

Electrostatic interactions can be exploited for anchoring the ad-
sorbed molecules on ionic crystal surfaces. Matching the in-
termolecular charge distribution to the ionic crystal lattice pro-
vides a possibility for enhancing the molecule-surface interac-
tion. Along this line, molecules bearing a large dipole moment
have been explored for increasing the electrostatic interaction
with the surface [41; 62; 127; 131; 135–138]. This strategy has
been followed for the formation of up to 600 nm long molecu-
lar wires made of a perylene derivative on KBr(001) (Fig. 5.6)
[139; 140].

Figure 5.6: DiMe-
PTCDI wires on
KBr(001). (a) Image
shows molecular wires
of DiMe-PTCDI; the
size of the image is
(400 nm)2. (b) Proposed
(2 × 2) superstructure
based on calculation
and experimental data.
(c) Minimum energy
position of a single
DiMe-PTCDI molecule
on KBr. (Adapted from
[139])

b

c

A cooperative mechanism of molecule anchoring has been found
for cytosine on CaF2(111) [62]. In this example, the increased
molecule-surface interaction of individual molecules together
with the arrangement in three-membered hydrogen-bonded rings
eventually results in immobilization of trimer clusters on the
surface (Fig. 5.7).

Besides the strength and the range of the binding, the specific
nature of the interactions constitutes the key controlling param-
eter for molecular self-assembly. While van-der-Waals interac-
tion forces are typically weak and unspecific, for example hy-
drogen bonds are very specific and directed. Several dielectric
surfaces allow for hydrogen bond formation. As an example,
calcite(10.4) can act as a proton acceptor, thus providing very
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5 Towards On-Surface Reactions on Bulk Insulators

Figure 5.7: Arrange-
ment of PTCDA molecu-
les on a KBr(001) sur-
face. (a) High-resolution
image: Homogeneously
distributed clusters are
observed. (b) Optimum
adsorption position of
the trimer structure
as obtained by DFT
calculations. (c) Zoom
into the trimer structure
in (a). (Adapted from
[62])
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specific anchoring sites for proton donor molecules, such as car-
boxylic acid groups [72].

Another important aspect in molecule-surface anchoring is
matching the molecular structure to the substrate periodicity,
as has been indicated by the comparison of the adsorption struc-
ture of a stilbazolium derivative on different insulating surfaces
[137]. Considering a given insulating material as supporting
substrate, the complementary strategy is to adjust the molecular
building blocks to the substrate of interest. The molecular core
can be adjusted to match the substrate periodicity [141; 142].

An example is given by the adsorption structure of terephthalic
acid (TPA) [72] on calcite(10.4). In this case, the interaction with
the substrate is governed by the interaction of the carboxylic acid
groups with the substrate carbonate groups. The molecule is
equipped with two carboxylic acid groups in para position. TPA
forms a well-ordered (2 × 2) superstructure, however, islands are
mobile at sub-monolayer coverages (Fig. 5.8(a,b)).

Furthermore, a concept for increasing the influence of the sur-
face is increasing the number of functional groups that provide
an interaction with the surface. This has been the driving force
in many attempts in literature [41; 138].

For the calcite(10.4) surface, an example is changing the number
of carboxylic acid groups at a benzene core from two as in TPA to
three as in trimesic acid (TMA) [72]. In the close-packed island
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5.2 Moving to Bulk Insulating Surfaces

Figure 5.8: Two aro-
matic carboxylic acids,
namely TPA and TMA,
on the calcite surface.
(a,b) TPA: NC-AFM im-
ages taken at a sample
temperature of 300 K
with immobile features
and a detailed image
including a structural
model. (c,d) High-
resolution ∆ f image of
TMA with molecular
resolution and Model
of the molecular ad-
sorption structure are
shown. (Adapted from
[72])

(a)
Z

10 Å

16.2 Å[01 0]1

(b)
(2 2)×

[01 0]1

[ 61]42

(d)

(c)

9.51Å

9.98Å

58.35°

(c)
Df

10 nm[01 0]1

(the so-called flower motif), the TMA molecules adopt equivalent
adsorption positions in a c(2 × 2) superstructure (Fig. 5.8(c,d)).
In this configuration, all three carboxylic acid groups can inter-
act with the substrate, resulting in a more stable configuration
as compared to the TPA islands. It is important to note that the
TMA structure is slightly compressed as compared to the per-
fectly hexagonal flower motif configuration, clearly demonstrat-
ing the templating influence of the substrate.

Consequently, successful examples of molecular self-assembly on
insulating surfaces are based on tailoring the interaction type
and the detailed molecule-surface matching. Although, the in-
corporation of strong covalent bonds in the structure stabiliza-
tion becomes inevitable for the formation of application-oriented
robust molecular structures.
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In this Chapter, I report on molecular self-assembly of biphenyl-
4,4’-dicarboxylic acid (BPDCA) on CaCO3(10.4) under ultra-high
vacuum conditions. Two-dimensional, ordered islands are ob-
tained upon deposition at room temperature. High-resolution
images of the molecular islands reveal an ordered inner struc-
ture. A detailed analysis of this structure exhibits inter-row
distances that are multiples of the calcite unit cell dimension
along the [01.0] direction, clearly demonstrating the templating
effect of the substrate. In between the rows, a different molec-
ular structure is coexisting with the molecules aligning head-

to-tail. This structure is explained by intermolecular hydrogen
bond formation very similar to the BPDCA bulk structure.
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6 Substrate Templating vs Molecular Interactions

Introduction

The molecular self-assembly on surfaces is governed by a sub-
tle interplay between intermolecular and molecule-surface inter-
actions [143]. Thus, it is important to balance these two interac-
tions, which is frequently achieved for molecular self-assembly
on metallic surfaces [116]. On insulating substrates and thin in-
sulating films, however, molecule-surface interactions have been
found to be considerable reduced as compared to metallic sub-
strates (Chap. 5).

This is the reason only very few examples exist so far demon-
strating the formation of a stable molecular wetting layer on
an insulating surface. Promising strategies for insulating sur-
faces include the use of the high surface energy substrates such
as calcite [71], the optimizing of the geometrical match for the
molecular dimensions to the crystal lattice [141; 142] and the an-
choring of molecules by functional end groups on an ionic crystal
[62].

Figure 6.1: Model of
the biphenyl-4,4’-dicar-
boxylic acid (BPDCA)
molecule. Carbon:

Oxygen:

Hydrogen:

1 nm

Here, I present a system that directly expresses the balance be-
tween intermolecular and molecule-surface interactions by the
coexistence of two different molecular structures on the surface.
Using NC-AFM imaging under UHV, I study the molecular self-
assembly of BPDCA on the most stable cleavage plane of cal-
cite, CaCO3(10.4) (Chap. 4), at room temperature. Ordered
rows of molecules aligned side-by-side running along the [42.1]
crystallographic direction demonstrate a significant molecule-
surface interaction that can be explained by an excellent geomet-
rical match of the molecular structure to the substrate dimen-
sions. In between theses rows, a second structure is formed with
the molecules aligning head-to-tail, closely resembling the mole-
cular bulk structure. My results, thus, indicate that molecule-

50



substrate and intermolecular interactions are of similar strength
in the presented system.

Self-assembly of BPDCA

A representative NC-AFM topography image obtained after de-
position of approximately a half monolayer (ML) BPDCA mol-
ecules onto CaCO3(10.4) held at room temperature is given in
Fig. 6.2(a). In this image, molecular islands are observed that
are separated by streaky regions. The islands exhibit an elon-
gated shape with typical dimensions of few tens of nanometer in
the [01.0] direction and of 10 to 30 nm in [42.1] direction. The
apparent height of the islands is approximately 0.25 nm, sug-
gesting that the islands are formed by flat-lying molecules.

The edges of the islands appear fuzzy, which is a typical sign for
attachment and detachment of molecules at the islands’ periph-
ery. The streaky regions and the existence of the islands indicate
that individual molecules (i) can detach from the islands and (ii)
have substantial mobility on the surface at room temperature to
form a two-dimensional gas-like phase.

Figure 6.2: NC-AFM
images showing BPDCA
islands on CaCO3(10.4)
held at room tempera-
ture. (a) Topography im-
age exhibiting BPDCA
islands separated by
streaky regions.
(b) Frequency shift
image taken on a mole-
cular island, revealing
the internal structure.
Molecules aligning in
side-by-side rows and
head-to-tail rows are
indicated by ellipses.
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An internal structure is revealed on the islands, which is pre-
dominantly composed of rows running along the [42.1] direc-
tion. The inner structure is resolved in the frequency shift image
shown in Fig. 6.2(b). Most prominently, the ordered rows run-
ning along the [42.1] direction are observed to be composed by
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6 Substrate Templating vs Molecular Interactions

features that fit in size to flat-lying, individual molecules aligned
side-by-side. Interestingly, the separation of these side-by-side

rows along the [01.0] direction is not equidistant, but shows dif-
ferent distances. The area in between the side-by-side rows is
occupied by another structure with the molecules aligning head-

to-tail, forming a characteristic angle of 27◦ with respect to the
side-by-side row structure.

Figure 6.3: Detail
analysis of a BPDCA is-
land. (a) Drift-corrected
frequency shift image:
A defect (circle) and
three different inter-row
distances are marked.
(b) Model visualizing the
molecular arrangement
as present in (a). (c)
Histogram showing
the distribution of 224
inter-row distances. (d)
Possible adsorption po-
sitions of the molecules
within the side-by-side

rows with respect to the
underlying substrate.
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To analyze the molecular islands in more detail, a high-resolu-
tion frequency shift image is given in Fig. 6.3(a) along with
a model for the molecular arrangement shown in Fig. 6.3(b).
Three different inter-row distances are marked within this im-
age, exhibiting distances of 3.0, 3.5 and 4.0 nm, respectively. In-
terestingly, these distances appear as multiples of the unit cell
dimension of 0.5 nm along the [01.0] direction, indicating that
the surface structure has a decisive influence on the formation
of these side-by-side rows.
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In order to quantify this observation, I have analyzed a total
number of 224 inter-row distances from four independent large-
scale images. The resulting distance histogram is shown in Fig.
6.3(c). As can be seen, a discrete distribution is, indeed, obtained
exhibiting inter-row spacings that are multiples of the unit cell
dimension of 0.5 nm. Moreover, a clear maximum at an inter-row
spacing of 3.5 nm is revealed, which will be explained later.

Figure 6.4: Models il-
lustrating possible mole-
cular arrangements. (a)
Model showing both the
side-by-side rows and
the head-to-tail rows.
Different lengths of
head-to-tail rows are
indicated, composed
of two, three and four
molecules, respectively.
(b) Closest alignment
of a pure side-by-side

row phase, revealing a
large spacing between
the molecular rows.

(a) (b)

Substrate Templating: Two Positions

From the images, I can deduce the orientation of the molecu-
les within the side-by-side rows with respect to the underlying
calcite lattice. The absolute adsorption position is, however, not
obtained experimentally as simultaneous imaging of the mole-
cular islands and the calcite lattice was hampered by the molec-
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6 Substrate Templating vs Molecular Interactions

ular mobility at room temperature. Based on simple electro-
static considerations, I can identify two very likely adsorption
positions that might be present in the experimental data shown
in Fig. 6.3(a). I want to stress, however, that more elaborate cal-
culations are required for confirming the qualitative discussion
made here. Nevertheless, my conclusions regarding the mole-
cular arrangement and the most likely inter-row spacing remain
valid regardless of the precise adsorption.

Two obvious adsorption positions of the molecules within the
side-by-side rows are shown in Fig. 6.3(d). The models are based
on the fact that the molecule-surface interaction is steered by
the interaction of the carboxylic groups with the surface [144]:
The hydrogen atom of the carboxylic groups anchors to a surface
oxygen atom via a hydrogen bond, while the partially negatively
charged carbonyl oxygen atom is positioned close to a surface cal-
cium cation. When aligning the molecular axis along the [01.0]
direction as observed experimentally, the size of the molecule al-
lows for accommodating both carboxylic groups on top of equiva-
lent adsorption positions. This explains the strong surface tem-
plating effect, as both carboxylic groups can attain an energeti-
cally favorable adsorption position.

Depending on the position of the hydrogen atom, two slightly dif-
fering adsorption positions can be obtained. In the upper part of
Fig. 6.3(d), two molecules are shown (labeled 1 and 2) with both
hydrogen atoms arranged in cis configuration. In this case, the
molecule can accommodate such that main axis of the molecule
is exactly perpendicular to the side-by-side row direction.

However, a second option would be to rotate one carboxylic acid
around the C-C axis with the hydrogen atoms adopting trans

configuration (shown in the molecules labeled 3 and 4). In this
case, the molecular axis would form an angle of approximately
5◦ with respect to the side-by-side row. This slightly rotated con-
figuration might be evident for the rows shown in Fig. 6.3(a)
except for the one marked with an A.

The ordering within the rows is very well-pronounced, and de-
fects can be found only rarely. One defect is shown in Fig. 6.3(a)
(marked by a circle), which originates from a shift of one side-by-
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side row by 0.5 nm. The linking molecule appears to bridge the
two rows in a tilted fashion.

Intermolecular Interactions

The area in between the rows is occupied by molecules forming
a distinctly different pattern. In this structure, the molecules
are found to align head-to-tail, such that the carboxylic groups
face each other. This arrangement allows for hydrogen bond for-
mation between the carboxylic groups and is very close to what
is expected in the BPDCA bulk structure [145]. The observed
ordering is a clear sign for the fact that the molecules are not
deprotonated yet, which is in agreement with the pKa values of
3.5 and 4.3, respectively [66].

The length of these head-to-tail rows differ depending on the
available space between the above mentioned side-by-side rows
running along the [42.1] direction. For inter-row distances of
3.0, 3.5 and 4.0 nm, an alignment of two, three and four molecu-
les is revealed, respectively, as shown in Fig. 6.4(a) and listed in
Tab. 6.1.

The “head” and “tail” molecules from a head-to-tail row arrange
in a way that they can form hydrogen bonds towards the oxygen
atom of the neighboring molecule within the adjacent side-by-

side row, while the partially negatively charged oxygen atom is
close to a surface calcium cation. This configuration explains the
experimentally observed characteristic angle of 27◦.

To analyze the obtained inter-row spacing histogram from Fig.
6.3(c) in more detail, I calculated the length of a head-to-tail row
and compared this length with the available space between the
side-by-side rows.

To estimate the length of a head-to-tail row, I added the esti-
mated molecule length (O-O distance: 1.15 nm [145]) and hydro-
gen bonds length (O-O distance: 0.27 nm [146]) as listed in the
third column in Tab. 6.1. I want to stress that (i) these numbers
do not include the interaction with the surface and (ii) all hydro-
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6 Substrate Templating vs Molecular Interactions

side-by-side number of head-to-tail space
inter-row molecules in row length available
distance head-to-tail row calculated (distance)

2.5 nm 1 1.69 nm 1.94 nm

3.0 nm 2 3.11 nm 3.40 nm

3.5 nm 3 4.53 nm 4.68 nm

4.0 nm 4 5.95 nm 5.94 nm

4.5 nm 5 7.37 nm 7.21 nm

Table 6.1: Comparison of head-to-tail row lengths with available space
for the respective side-by-side inter-row distances.

gen bonds were considered to be of the same length, regardless
of their nature (within the head-to-tail row or between head-to-

tail row and side-by-side row). Thus, the given length values
represent a rough estimate only.

I compare these lengths with the space available between the
side-by-side rows (considering the distance between two oxygen
atoms as indicated in Fig. 6.4(a)) listed in the fourth column.
As can be seen, for head-to-tail rows consisting of only one or
two molecules, the available space is considerably larger than
the estimated molecule length, indicating that the interaction of
the head-to-tail rows with the side-by-side rows is weak or even
absent.

For head-to-tail rows consisting of five molecules, the distance
between the side-by-side rows is smaller than what would be
needed to easily accommodate the head-to-tail rows. For head-

to-tail rows consisting of three and four molecules, the available
space is very close to the estimated space required, suggesting
that these head-to-tail rows should be favored. Indeed, my ex-
perimental results reveal a maximum at an inter-row distance
of 3.5 nm in Fig. 6.3(c). I, therefore, explain the maximum in the
histogram in Fig. 6.3(c) by a favorable size match in the inter-
row distance and the space required for the head-to-tail rows.

Finally, I comment on the situation that would arise in the ab-
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sence of the head-to-tail rows. Because of the well-defined ad-
sorption position of the molecules within the side-by-side rows,
the most close-packed arrangement is associated with a rather
large spacing between the molecular rows, as shown in Fig. 6.4(b).
Thus, no inter-row interaction is expected in this configuration,
which is unfavorable compared to the situation where the head-

to-tail rows interlink the side-by-side rows.

Summary and Conclusions

The coexistence of two different molecular adsorption configura-
tions is shown upon deposition of BPDCA on CaCO3(10.4). A
very pronounced row structure is revealed that is formed by flat-
lying molecules aligned side-by-side, resulting in rows running
along the [42.1] direction. In this configuration, the molecules
show a favorable adsorption position with both carboxylic groups
anchoring toward the calcite surface. This strong surface tem-
plating effect is possible because of the excellent size match of
the molecule to the substrate lattice.

Besides this structure, another structure is coexisting, formed
by rows that are composed of molecules aligned head-to-tail. In
this configuration, the molecules can form hydrogen bonds as
present in the bulk structure. The coexistence of these two dif-
ferent adsorption structures indicates a subtle balance between
substrate templating on the one hand and molecular bulk crystal
formation on the other.
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In this Chapter, the deprotonation of 2,5-dihydroxybenzoic acid
(DHBA) deposited onto CaCO3(10.4) held at room temperature
is reported. After deposition, the molecules form two coexist-
ing phases, a transient striped phase and a stable dense phase.
Detailed analysis indicates the transient striped phase being
a bulk-like phase, which requires hydrogen bonds between the
carboxylic acid moieties to be formed. With time, the striped
phase transforms into the dense phase, which is explained by
the deprotonation of the molecules. The deprotonation step is di-
rectly confirmed by Kelvin probe force microscopy that unravel
the change in the molecular charge.
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Introduction

Following the discussion on the interplay between substrate tem-
plating and intermolecular interactions in the previous Chap. 6,
a fundamental understanding of adsorption and molecule-sur-
face interactions are of utmost importance for anchor molecu-
les. Only very recently, on-surface chemical transformations in-
cluding deprotonation [147–149] have been addressed, revealing
important insights into fundamental reaction steps. For many
applications, however, it becomes increasingly interesting to ex-
tend the knowledge gained on metallic surfaces to bulk insula-
tor substrates, as many applications, e.g., catalysis and organic
opto-electronics, require non-metallic and electronically insulat-
ing support materials.

Interestingly, comparatively little is known so far about molecule-
surface interactions in relation to chemical transformations of
organic molecules on electrically insulating surfaces (Chap. 5).
By making use of the KPFM technique, NC-AFM allows for di-
rectly mapping the charge state of adsorbates [39] as well as the
charge distribution within a single molecule [40]. Only very re-
cently, this technique has been applied for investigating organic
molecules on bulk insulator surfaces, e.g., for differentiating two
adsorption geometries of triphenylene derivatives on KBr(001)
[41].

Figure 7.1: Model of the
2,5-dihydroxybenzoic
acid (DHBA) molecule.

Carbon:

Oxygen:

Hydrogen:

1 nm

Here I benefit from both, the high-resolution imaging capabil-
ity of NC-AFM and the possibility to detect changes in the local
charge distribution by KPFM for the direct visualization of the
deprotonation step of DHBA on the insulating calcite substrate
(Chap. 4).

Upon deposition onto the calcite (10.4) surface held at room tem-
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perature, two molecular structures are observed to coexist. One
of these structures closely resembles the molecular bulk struc-
ture, which is stabilized by intermolecular hydrogen bonds, thus
giving clear evidence for the fact that the molecules are still in
the protonated state. Interestingly, this structure is observed to
transform with time into the second structure, which is charac-
terized by a dense packing of upright standing molecules.

This configuration can be explained by deprotonated molecules
anchoring towards the surface calcium cations. Thus, I am able
to directly follow the deprotonation step of a carboxylic acid moi-
ety on the calcite surface in situ, which is of great importance
for elucidating molecular-scale details of molecular reactivity on
surfaces within fields such as on-surface synthesis [150] and
catalysis [151].

Structure Formation of DHBA Molecules

Upon submonolayer deposition of DHBA onto a CaCO3(10.4) sub-
strate held at room temperature, initially two distinctly different
molecular phases coexist on the surface, as shown in Fig. 7.2(a).
In this image, the majority of the surface is covered by a striped
phase, which is characterized by islands formed from molecular
double rows running along the [42.1] substrate direction. The
outer shape of these islands exhibits a large number of kink
sites. Moreover, several defects formed by missing molecules are
evident within the striped phase.

This striped layer constitutes a transient phase which trans-
forms with time into a coexisting second phase. In the upper
part of Fig. 7.2(a), an island of this second phase is seen, formed
by densely packed molecules. The outline of this dense phase is
less fragmented than those of the striped phase, however, kinks
and vacancy islands are revealed for the dense phase as well.

A closer view of both the striped and the dense phase is given
in Fig. 7.2(b). In the lower part of this image, an island of the
striped phase is shown, clearly revealing the molecular double-
row structure and a single-molecule defect (circle). The upper
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7 Visualization of Molecule Deprotonation

part of Fig. 7.2(b) is covered by an island of the dense phase,
unraveling a rectangular internal structure that is characterized
by a dense packing of molecules.

Figure 7.2: Coexisting
molecular structures af-
ter deposition of DHBA
onto CaCO3(10.4):
(a) Overview image
revealing two coexisting
phases, a defect-rich
striped phase and a
dense phase. (b) Closer
view of both, the striped
phase (lower part) and
the dense phase (upper
part).
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To elucidate the molecular arrangement within both phases, I
analyze high-resolution NC-AFM images of the striped and dense
phase shown in Fig. 7.3(a) and (b). In Fig. 7.3(a), the striped
phase is presented, revealing an internal structure within the
bright molecular rows as well as in between these rows. The dif-
ferent brightness indicates this structure being formed by mole-
cules adopting different adsorption geometries.

Striped and Dense Phase in Detail

The data suggest that the area in between the bright rows is
covered by flat-lying molecules, while the molecular rows are
formed by molecules with the molecular plane not parallel to
the surface, resulting in an apparent height of approximately
0.4 nm. This motif closely resembles the molecular arrangement
of the bulk structure in the ordered form [152] as superimposed
in Fig. 7.3(c).

In the ordered bulk structure, the molecules pair to dimers by
hydrogen bond formation between the carboxylic groups. These
dimers arrange in rows having alternating dimer orientations.
The inter-dimer interaction is governed by hydrogen bond forma-
tion and by π−π interaction of adjacent molecules. The different
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dimer orientation is reflected in my images by the alternate ap-
pearance of flat-laying molecules and molecules being oriented
with their main axis parallel to the surface but having the mole-
cular plane oriented upright, as illustrated in Fig. 7.3(c).

The striped phase constitutes a (6× 1) superstructure, having
unit cell dimensions of 2.99 nm and 0.81 nm along the [01.0] and
[42.1] direction, respectively. Compared to the bulk structure,
this superstructure corresponds to an extension of 13 and 8 %
along these two directions, indicating the subtle influence of the
substrate on the resulting bulk-like structure. The fact that the
striped phase constitutes a bulk-like structure provides experi-
mental evidence for the conclusion that the molecules are still
protonated within the striped phase, as the above-mentioned
dimerization requires the carboxylic groups to be protonated.

Figure 7.3: (a) Drift--
corrected high-reso-
lution image of the
striped phase, unrav-
eling molecular double
rows running along the
[42.1] direction and a
molecular sub-structure
in-between the rows.
The (6 × 1) unit cell is
marked.
(b) Drift-corrected high-
resolution image of the
dense phase, exhibiting
a (1× 5) superstructure.
(c) Striped phase with
superimposed model
of the molecular bulk
structure. The dashed
line marks the molecu-
les shown in the model
at the bottom of the sub-
figure. (d) Model of the
molecular arrangement
within the dense phase.
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Interestingly, with time the striped phase transforms into the
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7 Visualization of Molecule Deprotonation

dense phase, which remains as the only structure present after
waiting for several hours to days. Alternatively, the sample was
annealed to 440 K, resulting in the same situation of the dense
phase remaining exclusively on the surface. A high-resolution
image of this phase is given in Fig. 7.3(b), exhibiting a densely
packed structure having a rectangular unit cell with dimensions
of 0.5 nm x 4.1 nm, corresponding to a (1×5) superstructure. The
comparatively small lateral size of the individual features sug-
gests this structure to be formed by molecules having their main
axis oriented upright with respect to the surface normal as given
in the model in Fig. 7.3(d). In this configuration, hydrogen bond-
ing is no longer possible, providing a first indication for the de-
protonation of the molecules.

Moreover, the upright position can be readily explained by elec-
trostatic interaction of deprotonated molecules with the surface
calcium cations as detailed in the following. Along the [01.0] di-
rection, the molecules follow the substrate periodicity, allowing
for linking of the carboxylate with the substrate calcium cations.
A further stabilization of this structure would be π−π stacking
of adjacent molecules along the [01.0] direction. In order to op-
timize the π−π stacking distance, the molecules might tilt to
bring the rings close to each other. To reach a favorable π−π

stacking distance of 0.34 nm in the parallel-displaced configura-
tion [153], a tilt angle of approximately 40◦ would be favorable
as obtained from simple trigonometry. This tilt would result in
a reduction in molecular height from an upright height of ap-
proximately 0.77 nm to around 0.52 nm, which is reflected by the
experimentally observed height of 0.4 nm.

Using Kelvin Probe Force Microscopy

However, as height measurements with AFM rely on interaction
forces, the height of chemically different species cannot be com-
pared directly [154]. Thus, the measured height can only provide
an indication but no clear-cut experimental evidence for the pro-
posed tilted geometry. Along the [42.1] direction, a compromise
between molecule-surface interaction and intermolecular hydro-
gen bonding results in a molecular spacing that is responsible
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for a (1×5) superstructure.

In the proposed geometry, six molecules are placed with their
carboxylate groups atop of ten Ca cations as shown in Fig. 7.3(d).
This results in non-equivalent adsorption positions along the
[42.1] direction. The NC-AFM results do not show different
molecular appearance, which might be explained by two aspects.
First, the NC-AFM might be sensitive only to the top part of the
molecules, which is probably rather homogeneous. Second, the
different adsorption positions might be compensated for by both
molecule and surface relaxations.

Regarding the intermolecular interaction along the [42.1] direc-
tion, a closest distance between the hydrogen atoms of approx-
imately 0.15 nm is revealed. This geometry might be optimized
by a slight rotation of the benzene ring around the C-C bond be-
tween the carboxylate group and the benzene ring. These details
are, however, beyond the scope of this simple model based on the
NC-AFM images alone.

To confirm the above made tentative assignment of the dense
phase being the deprotonated species, I made use of KPFM, al-
lowing for a direct measurement of dipole moments and local
charges. Deprotonated DHBA is negatively charged and, thus,
should provide a clear signal in KPFM measurements [155]. Pro-
tonated DHBA, on the other hand, carries a dipole (about 5 De-
bye [156]) but is overall neutral.

Consequently, for the protonated species I expect a less pronoun-
ced Kelvin signal as compared to the deprotonated molecules. In
the absence of net charges, possible KPFM contrast can originate
from surface charge transfer or intramolecular charge distribu-
tion [40]. Resolving this charge distribution is rather difficult
with KPFM because of the reduced lateral resolution of KPFM
compared to NC-AFM [48].

However, in some cases I succeeded in resolving an internal struc-
ture within the striped phase as discussed below. An NC-AFM
topography image and the corresponding KPFM image are shown
in Fig. 7.4(a) and (b). The KPFM voltage of the bare calcite sub-
strate is set to zero. The voltage required to compensate the
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7 Visualization of Molecule Deprotonation

Figure 7.4: Kelvin
probe force microscopy
information: (a) Topog-
raphy image revealing
the coexistence of the
striped and the dense
phase. (b) Correspond-
ing KPFM image with
the bare calcite surface
set to 0 V. (c) Height
profile (red) and voltage
profile (blue) from the
indicated positions in
Figs. (a) and (b). (d) Tip
voltage histogram from
Fig. (b), unraveling a
peak at 0 V (substrate),
−0.75 V (striped phase)
and −1.75 V (dense
phase).
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local contact potential difference relative to the bare substrate is
given in Fig. 7.4(b) with darker regions corresponding to nega-
tive voltages.

Note that all data presented herein show the voltage applied to
the tip. Compared to the bare surface, the Kelvin signal of the
striped phase is shifted towards negative voltages. This is evi-
dent from the height and voltage profiles given in Fig. 7.4(c) and
quantified in the voltage histogram shown in Fig. 7.4(d). Accord-
ing to this histogram, the voltage measured above the striped
phase is approximately −0.75 V. This shift might be explained
by a slight electron transfer from the surface to the DHBA mole-
cules, which would result in a slight negative charge of the mol-
ecules. In order to compensate the resulting electrostatic forces,
a more negative voltage has to be applied to the tip.
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Figure 7.5: High-
resolution KPFM image
of the striped phase:
(a) NC-AFM topography
image showing a part
of the striped phase.
(b) The corresponding
KPFM image.
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Moreover, due to the intramolecular charge distribution, an in-
ternal structure within the striped phase might be resolved when
imaging with a very sharp tip. Indeed, in rare cases, the KPFM
signal revealed an internal structure within the striped phase
as shown in Fig. 7.5. As can be seen from the comparison of the
topography (Fig. 7.5(a)) and KPFM (Fig. 7.5(b)) images and the
corresponding line scans (Fig. 7.6), a protruding feature in the
height profile is associated with a negative shift of the KPFM
signal.

Additionally, a further small dip in the KPFM signal is seen in
the minimum of the height profile. These characteristics can be
explained by considering the molecular packing within the bulk-
like phase, as illustrated in Fig. 7.6. Both, in the lying-down
and standing-upright phase, the negative parts of the molecules
are facing each other, leading to an accumulation of negative
charges in the center of the structures. This is indeed reflected
in the KPFM line profile in Fig. 7.6.

The different magnitude of the negative shift can be understood
by considering the different packing density within the standing-
upright and lying-down parts. As the molecular packing is twice
as large in the standing-upright part compared to the lying-down
part, I expect a more pronounced signal in the protruding part
in excellent agreement with the experimental observation.

Relative to the striped phase, the Kelvin signal of the dense
phase is further shifted towards more negative values. As can
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7 Visualization of Molecule Deprotonation

Figure 7.6: Height pro-
file (red) and KPFM pro-
file (blue) taken along
the indicated lines in
Fig. 7.5(a) and (b).
The profiles are aver-
aged over 10 pixel as il-
lustrated by the perpen-
dicular line at the begin-
ning of the height pro-
file lines in Fig. 7.5(a)
and (b). The model
illustrates the partial
charge distribution due
to molecular packing.

-+ - +-+ - +

-+ - + -+ - + -+ - +

-+ - +-+ - +

0 2 4 6 8
-1,5

-1,0

-0,5

0,0

Z
[n

m
]

X [nm]

C
P

D
[V

]

-0,04

-0,02

0,00

0,02

0,04

be seen from the voltage histogram in Fig. 7.4(d), the voltage
applied to the tip amounts to approximately −1.75 V above the
dense phase. This further shift can be readily assigned to the
change in charge upon molecule deprotonation. After deproto-
nation, the molecules are negatively charged.

In order to compensate for the electrostatic force acting between
the molecules and the tip originating from this negative charge,
a negative voltage has to be applied to the tip. This is directly
expressed in the further shift towards more negative voltages
above the dense phase compared to the striped phase. As the
deprotonation of DHBA on calcite constitutes an acid-base re-
action, I expect the proton to be linked to a surface carbonate
group, forming hydrogencarbonate.

Thus, in the deprotonated case, a dipole moment pointing to-
wards the surface is formed by the negatively charged molecule
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and the proton. Since entire instead of partial charges are pre-
sent in the deprotonated case, a more pronounce signal is evi-
dent for the deprotonated compared to the protonated islands.
Therefore, the KPFM results directly confirm the above made
assignment of the striped and dense phase being formed from
the protonated and deprotonated species, respectively.

Summary and Conclusions

In conclusion, I present direct evidence for molecule deproto-
nation on an insulating surface by KPFM measurements. My
high-resolution NC-AFM images elucidate the transient striped
phase of DHBA on CaCO3(10.4) being a bulk-like (6×1) phase,
which transforms with time into a dense (1×5) superstructure
that is formed by upright-standing molecules. This latter phase
can be readily explained by a deprotonation step, as negatively
charged molecules anchor with the carboxylate group towards a
surface calcium cation. The deprotonation step is directly visual-
ized using KPFM, providing clear-cut confirmation of the above-
made assignment.
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As the next step, I demonstrate the activation of substrate tem-
plating in molecular self-assembly on a bulk insulator at room
temperature by controlled deprotonation. Upon deposition of 4-
iodobenzoic acid (IBA) onto the natural cleavage plane of calcite
held at room temperature, high molecular mobility is observed,
indicating the weak molecule-surface interaction. Molecular is-
lands only nucleate at step edges. These islands resemble the
molecular bulk crystal and show no commensurability with the
underlying substrate, clearly indicating the absence of surface
templating. Upon annealing the substrate, the molecules un-
dergo a transition from the protonated to the deprotonated state.
In the deprotonated state, the molecules adopt a well-defined ad-
sorption position, resulting in a distinctly different, substrate-
templated molecular structure. My work, thus, demonstrates
the controlled activation of substrate templating in molecular
self-assembly on a bulk insulator at room temperature.
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8 Controlled Activation of Substrate Templating

Introduction

Molecular self-assembly at surfaces benefits from the templat-
ing effect of the underlying substrate which greatly enriches
the structural variety by controlling the balance between in-
termolecular and molecule-surface interactions [143]. Thus, to
transfer the full potential of molecule self-assembly to insulat-
ing substrates, strategies to induce substrate templating have
to be explored. An interesting situation is obtained in the case
of biphenyl-4,4’-dicarboxylic acid on CaCO3(10.4), which shows
the coexistence of two distinctly different molecular structures
(Chap. 6).

When anchoring carboxylic acid moieties onto the (10.4) surface
of calcite, the charge state of the acid group plays a crucial role:
In the protonated state, the molecules can form intermolecular
hydrogen bonds as well as hydrogen bonds towards the calcite
carbonate group. In the deprotonated state, on the other hand,
the negatively charged carboxylate group anchors towards the
surface calcium cations (Chap. 7). Carboxylic acids with a low
pKa value deprotonate already at room temperature while car-
boxylic acids with a pKa value larger than ≈3 stay intact on cal-
cite.

Figure 8.1: Model of the
4-iodobenzoic acid (IBA)
molecule.

1 nm

Carbon:

Oxygen:

Hydrogen:

Iodine:

Here, I benefit from the distinct change in molecule-surface in-
teraction by controlled deprotonation of IBA. When deposited
onto calcite held at room temperature, intermolecular interac-
tions clearly dominate over the molecule-surface interaction, re-
sulting in the formation of an ordered structure that exhibits no
epitaxial or rotational relationship to the underlying calcite lat-
tice. Interestingly, substrate templating can be activated when
annealing the substrate. Upon annealing, two different mole-
cular phases coexist that are both governed by the molecule-
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surface interaction. This work illustrate that substrate templat-
ing can be activated deliberately by inducing deprotonation.

IBA Held at Room Temperature

Upon deposition of IBA onto calcite(10.4) (see Fig. 8.2) held at
room temperature, large areas of the surface are found to re-
main unchanged except for a somewhat higher defect density.
Molecules are exclusively found in troughs formed by step edges,
nucleating into extended, highly ordered islands with an appar-
ent height of approximately 0.5 nm. NC-AFM images of such
islands are given in Fig. 8.2, showing straight step edges run-
ning from the upper to the lower part of the images. The troughs
formed by the step edges are filled by molecular islands (bright
area). The existence of extended islands readily indicates that
individual molecules are mobile on calcite held at room temper-
ature.

Figure 8.2: Molecular
arrangement of IBA af-
ter deposition onto the
natural cleavage plane
of calcite held at room
temperature. Overview
NC-AFM images, reveal-
ing a surface that is
largely free of molecu-
les. Only within surface
troughs formed by two
step edges (in each case
one marked by a red dot-
ted line), the molecular
islands exist.

30 nm

Z

(a) (b)
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[ .1]42

50 nm
[01.0]

[ .1]42

Z

A zoom into the molecular islands is given in the drift-corrected
images shown in Fig. 8.3(a) and (b). In these images, the molec-
ular structure imaged on two different islands is displayed. The
molecules self-assemble into a nearly hexagonal structure with
only few lattice defects. Interestingly, the molecular pattern
lacks epitaxial and rotational relationship to the underlying cal-
cite crystal, but the molecules seem to arrange along the step
edge as demonstrated in Fig. 8.3(a) and (b) by the red dotted
lines. Moreover, the overlayer lattice periodicity of 17.2 nm is

73



8 Controlled Activation of Substrate Templating

incommensurate with the calcite lattice along the respective di-
rections.

These findings clearly indicate that the molecular layer is largely
unperturbed by the calcite lattice. Instead, the intermolecular
interaction is expected to govern this structure. A possible ar-
rangement of the molecules is superimposed in Fig. 8.3(a) and
(b). This model is inspired by the common dimerization motif
of carboxylic acids within the bulk crystal. The model is repro-
duced in Fig. 8.3(c). Due to the repulsive interaction between
the iodine atoms, one of the two iodines might protrude out of
the layer as illustrated in the side view in Fig. 8.3(d). The
protruding iodine atoms might be responsible for the bright fea-
tures seen in the NC-AFM images (see red circles marked in Fig.
8.3(c)).

Figure 8.3: Molecular
structures in detail. (a)
and (b) High-resolution
images taken on two dif-
ferent islands shown in
Fig. 8.2, illustrating
the same internal or-
der which lacks fixed ro-
tational relationship to
the underlying substrate
lattice. However, Islands
arranges along the step
edges (red dotted lines).
(c) Structural model for
the alignment within the
island of (a). Protrud-
ing iodine atoms are in-
dicated by a red circle.
(d) Side views of the is-
land structure along the
I and II directions.
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After Annealing the Sample

When annealing the calcite substrate to 495 K, the molecular
structure changes significantly. Based on my previous findings,
I ascribe this structural change to a deprotonation step, which
requires annealing in case of IBA having a pKa value of 4.02
[66]. After annealing, the entire surface is covered by two striped
structures (referred to as A and B) with an apparent height of ap-
proximately 0.8 nm (Fig. 8.4a). The increased apparent height
suggests that the molecules now arrange in a more upright fash-
ion as compared to the room-temperature islands.

Figure 8.4: Islands
structures after an-
nealing the substrate
to 495 K. (a) Overview
NC-AFM image reveal-
ing two striped phases
named A and B. (b)
Zoom into the A phase,
indicating that the
stripes originate from a
moiré pattern.
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In the A phase, the stripes are oriented along the [42.1] direc-
tion, while in the B phase, the stripes are running along the
[01.0] direction. A zoom into the A phase (Fig. 8.4(b)) discloses
a dotted pattern, where each dot fits in size with an upright-
standing molecule. The zoom in Fig. 8.4(b) indicates that the
stripes originate from a moiré pattern. Drift-corrected high-
resolution images of the A and B phases are shown in Fig. 8.5(a)
and (b), respectively. Phase A is composed of dots with a re-
peat distance of approximately 0.58 nm in [01.0] direction and
0.79 nm in [42.1] direction. In [42.1] direction, the molecules
adopt the substrate periodicity of 0.81 nm. Along the [01.0] di-
rection, however, seven molecules are spaced atop eight calcite
repeat distances, resulting in a (8 × 1) superstructure (7 · 0.58 nm
= 4.06 nm equals to 8 · 0.50 nm = 4.00 nm).

The difference in lattice spacing along the [01.0] direction read-
ily explains a moiré pattern with stripes running perpendicu-
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8 Controlled Activation of Substrate Templating

lar to the [01.0] direction as evident in Fig. 8.4(a). Phase B is
formed by dots with a periodicity of approximately 1.01 nm along
the [01.0] direction, which equals two times the calcite unit cell
dimension in this direction. Along the [42.1] direction, how-
ever, the molecular pattern shows a distance of approximately
0.57 nm, which is different from the substrate periodicity. Along
this direction, seven molecules are spaced along five calcite unit
cell repeat distances (7 · 0.57 nm = 3.99 nm equals to 5 · 0.81 nm
= 4.05 nm), resulting in a (2 × 5) superstructure (Fig. 8.5(c)).
Again, the different periodicity of the substrate and the mole-
cular pattern gives rise to a moiré pattern, which is perpendicu-
lar to the [42.1] direction for phase B.

Figure 8.5: Drift-
corrected high-resolu-
tion NC-AFM images.
(a) The A phase, showing
a (8×1) superstructure.
(b) Image of the B phase,
showing a centred
(2×5) superstructure.
(c) Model illustrating
the arrangement of the
molecules within the
two structures. (d) Side
view along the [01.0]
direction of the A phase,
illustrating the resulting
alignment of the iodine
atoms and the aromatic
rings. The optimum
molecular packing re-
sults in a moiré pattern
with seven molecules
arranged along a dis-
tance of eight lattice
repeat units. (e) Corre-
sponding view of the B
phase along the [42.1]
direction.
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The existence of the moiré pattern clearly indicates that the
molecular structures are steered by the underlying substrate in
one direction ([42.1] direction for phase A, [01.0] direction for
phase B), while the distance in the other direction is influenced
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by the intermolecular interaction. Interestingly, the spacing of
phase A along the [01.0] direction is similar to the spacing of
phase B along the [42.1] direction, suggesting that this spacing
is dominated by the intermolecular interaction.

This can be understood by considering a tilted arrangement of
the molecules as given in Fig. 8.5(d) and (e), in which the iodine
atoms are placed above the center of the aromatic ring of the
neighboring molecule. This configuration is in accordance with
upright standing deprotonated molecules anchoring towards the
surface with the negatively charged carboxylate groups that bind
to the surface calcium cations. Thus, by deprotonating the mol-
ecules, the molecule-surface interaction is greatly increased and
substrate-templated structures emerge.

Summary and Conclusions

In conclusion, the controlled activation of substrate templating
is demonstrated by inducing a deprotonation reaction of IBA on
the natural cleavage plane of calcite. When depositing IBA onto
calcite held at room temperature, the molecules are found to be
highly mobile on the surface. The molecules exclusively nucle-
ate at step edges and arrange themselves into an ordered array
that follows an important motif of the bulk structure, namely hy-
drogen bond formation between the carboxylic acid groups. The
latter finding gives strong evidence for the fact that the mole-
cules remain protonated in this structure. Most interestingly,
these islands lack an epitaxial or rotational relationship to the
underlying calcite lattice, clearly demonstrating the absence of
substrate templating. This situation is changed reproducibly
upon annealing the substrate to 495 K, which results in molecule
deprotonation. After deprotonation, two different phases are
formed that are distinctly different from the former hydrogen-
bonded structure. Now, the molecules stand upright on the sur-
face, with the negatively charged carboxylate groups anchoring
towards the surface calcium cations. This substrate templating
effect is clearly reflected in the molecular ordering that now fol-
lows the substrate periodicity in one direction ([42.1] direction
for phase A and [01.0] direction for B, respectively). Perpendic-
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8 Controlled Activation of Substrate Templating

ular to this direction, a moiré pattern is observed, which is gov-
erned by the optimum packing of the aromatic rings. This study
demonstrates that molecular deprotonation can be successfully
exploited to deliberately activate substrate templating in mole-
cular self-assembly.
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In this Chapter, I demonstrate the covalent linking of organic
molecules on the bulk insulator calcite. I deliberately employ the
strong electrostatic interaction between the carboxylate groups
of halide substituted benzoic acids and the surface calcium cat-
ions to prevent molecular desorption and to reach homolytic cleav-
age temperatures. This allows for the formation of aryl radi-
cals and intermolecular coupling. By varying number and posi-
tion of the halide substitution, I rationally design the resulting
structures, revealing straight lines, zig-zag structures as well as
dimers, thus providing clear evidence for the covalent linking.
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9 On-Surface Covalent Linking

Introduction

Upon tuning the subtle balance between intermolecular and mol-
ecule-surface interactions (Chap. 6), using of surface active mol-
ecule end groups [72] and utilization of deprotonation to acti-
vate templating (Chap. 8), stable molecular structures have been
constructed in clean and well-controlled UHV conditions. When
having molecular electronics applications in mind, the weak and
reversible interactions pose a further challenge as they hardly
provide sufficient intermolecular electron transport capabilities.
Only recently, the concept of on-surface synthesis [8] has been
exploited as a promising strategy to overcome these limitations.
But, so far, on-surface synthesis has been limited to metallic sub-
strates (Chap. 5). Moreover, thermal activation of a coupling
reaction is not feasible on many insulating surface, like alkali
halides, as most organic molecules would desorb at temperatures
below the reaction temperature. Therefore, it appears necessary
to use a controllable anchoring mechanism for the molecules,
such as the deprotonation, as shown in Chap. 8.

Herein, I present the covalent coupling of four different halide
substituted benzoic acids (for an overview see Fig. 9.1), namely
2,5-diiodo benzoic acid (DIBA), 2,5-dichloro benzoic acid (DCBA),
3,5-diiodo salicylic acid (DISA) and 4-iodo benzoic acid (IBA) on
calcite. The carboxylic acid moiety is known to bind strongly
towards the calcite surface [144], thus, compared to other insu-
lating surfaces, the carboxylic acid-calcite system has revealed
very promising results in terms of substrate-templated molecu-
lar self-assembly [64; 73].

Figure 9.1: Models of
the used organic molecu-
les comprising 2,5-diiodo
benzoic acid (DIBA),
2,5-dichloro benzoic
acid (DCBA), 3,5-diiodo
salicylic acid (DISA)
and 4-iodo benzoic acid
(IBA).

DISA IBADIBA DCBA
Iodine:

Chlorine:

Carbon:

Oxygen:

Hydrogen:

1 nm

Here, the comparatively high molecule-substrate binding
strength is employed to prevent clustering at step edges and to
avoid desorption upon thermal activation of the coupling reac-
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tion. The previous results in Chap. 7 and 8 indicate that the
carboxylic acid group deprotonates before covalent linking. The
presence of the carboxylate group being a strong electron donor
is expected to weaken the phenyl-halide bond and, therefore, fa-
vor homolytic cleavage of this bond to give reactive phenyl rad-
icals at moderate temperatures without the need of a coupling
catalyst.

Upon deposition at room temperature, DIBA and DCBA form ex-
tended and highly ordered monolayers, which undergo a clear
transition into straight molecular wires upon thermal activa-
tion, as unraveled by NC-AFM. The observed structures fit ex-
cellently in size with a model of a covalently bound, completely
conjugated molecular row. When changing the position of the
halide substitution from 2,5 to 3,5 as in 3,5-diiodo salicylic acid
(DISA), again a distinct structural transition can be observed
upon thermal activation, however, in this case zig-zag instead
of straight structures are revealed. Finally, when having only
one halide atom per molecule, dimers instead of extended rows
are expected to form upon covalent linking. Indeed, thermal ac-
tivation of IBA results in the formation of dimer-like molecular
structures that fit in size to the expected reaction product, 4,4’-
biphenyl dicarboxylic acid (BPDCA).

Deposition of DIBA

First, a sub-monolayer coverage of DIBA is deposited onto a
freshly cleaved calcite (10.4) surface held at room temperature.
After deposition, the resulting structure is observed by NC-AFM.
An overview image is shown in Fig. 9.2(a), revealing two calcite
terraces that are covered by molecular islands with an apparent
height of approximately 0.7 nm. From this image it can be con-
cluded that individual DIBA molecules are mobile and diffuse on
the surface to form extended stable monolayers.

A zoom into one island exhibits a highly ordered structure with
bright rows running along the [42.1] direction as shown in the
drift-corrected image presented in Fig. 9.2(b). The dimensions of
the unit cell measure 2.53 nm × 0.81 nm, constituting a (5 × 1)
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9 On-Surface Covalent Linking

Figure 9.2: As-de-
posited structure of
DIBA. (a) Overview NC-
AFM image of DIBA,
showing two calcite
terraces covered by
0.7 nm high islands.
(b) Drift-corrected de-
tail NC-AFM image
of a DIBA island. (c)
Zoom into the ordered
structure with a (5 × 1)
unit cell. (d) Model ex-
plaining the molecular
structure.
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superstructure as superimposed in Fig. 9.2(c). Along the [42.1]
direction, the distance between two molecules is 0.81 nm, cor-
responding to a commensurate molecular structure. A model is
shown in Fig. 9.2(d, upper panel). Molecular dynamics calcula-
tions [144] suggest that molecules containing a carboxylic acid
moiety anchor to the calcite surface with the carboxylic group
binding to a surface oxygen and calcium atom in an upright fash-
ion.

However, the binding is of course greatly influenced by the pro-
tonation or deprotonation state of the acid. In Chap. 7 and 8 the
deprotonation step is shown for different pKa values. The ten-
dency of the benzoic acids derivates to deprotonate on the calcite
surface follows the trend, that molecules with a pKa value larger
than ≈3 stay intact on calcite while molecules with a lower pKa

value deprotonate already at room temperature. For DIBA, hav-
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ing a calculated pKa of 2.51 (i.e., in vacuo), the results indicate
that DIBA molecules are already deprotonated at room temper-
ature. I note that the listed pKa values must not been taken
too literally, as adsorption onto the surface might have a signif-
icant influence. However, the general trend in acidity should be
reflected correctly by considering the calculated (in vacuo) val-
ues.

Figure 9.3: Covalent
linking of DIBA.
(a) NC-AFM image of
DIBA after annealing
above 530 K (here: 555
K). The structures deco-
rate step edges and rows
are observed growing
along the [42.1] direc-
tion. (b) Detail NC-AFM
image, showing two
molecular rows and the
substrate with atomic
resolution. (c) Height
profile as indicated in
(b), revealing a repeat
distance of 0.41 nm,
in excellent agreement
with a reacted mole-
cular chain. (d) Model
explaining the reacted
structure.
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Thus, in the case of DIBA I expect the negatively charged carbox-
ylate group to anchor to the calcium ions. The iodine atoms are
oriented away from the surface. Along the [01.0] direction, the
structure is not commensurate, but coincident, as six molecules
(marked by numbers) are situated in a zig-zag fashion along a
distance of 2.53 nm (see superimposed model in Fig. 9.2(c)), cor-
responding to five lattice repeat units. This fact explains the
overall modulation of the brightness, which is due to a moiré
effect (model shown in Fig. 9.2(d, middle panel)).

In this configuration, the spacing of the molecules along the
[01.0] direction is 0.42 nm, which is too large to account for a
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9 On-Surface Covalent Linking

considerable intermolecular interaction, raising the question as
to why the molecules would arrange in this way. This question
can be readily answered by considering a tilt angle, which de-
creases the distance between the benzene rings and the iodine
atoms. When considering a tilt angle of around 63◦, the iodine
atoms are positioned in the centre of a benzene ring with a dis-
tance of 0.37 nm to the ring centre (Fig. 9.2(d, lower panel). This
would constitute a strong driving force for a tilt, which should
result in a reduction of the apparent height. The total height of
the molecule is in the order of 0.8 nm; however, when introduc-
ing a tilt angle of 63◦, this height is reduced to 0.71 nm, which
fits to the measured height of 0.7 nm.

Covalent Linking of DIBA and DCBA

When annealing the DIBA sample to a temperature above 530 K,
a completely different situation is present as shown in Fig. 9.3(a).
Now, in contrast to what was observed before at room tempera-
ture, no extended islands are formed, but rows running along
the [42.1] direction. The rows shown in Fig. 9.3(a) decorate the
step edges (one step edge is running from the lower left to the
upper right part of the image). This drastic change in molecular
structure is explained by thermolytic dissociation of the two io-
dine atoms from the molecule and subsequent covalent linking
of the radical molecules. As the iodine atoms are substituted at
the 2 and 5 positions, i.e. at opposite positions, a straight row is
expected upon covalent linking.

A detailed view given in the drift-corrected image in Fig. 9.3(b)
reveals a highly ordered structure that fits in size with molecules
forming a row after iodine dissociation and reaction of radicals.
From a height profile taken at a line indicated in Fig. 9.3(b), a
repeat distance of 0.41 nm is revealed (Fig. 9.3(c)). This distance
is in excellent agreement with a model of a reacted, completely
conjugated chain as shown in Fig. 9.3(d).

In this model, the molecule is again anchored towards the sur-
face with the carboxylate groups as discussed before. In order
to allow for covalent bond formation at the previous iodine po-
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sitions, the molecules have to tilt at an angle of approximately
60◦ between the main molecular axis and the surface. This tilt
results in a calculated reduction of the apparent height from
nominally 0.75 nm for the iodine-free molecules to 0.65 nm. Ex-
perimentally, I reveal an apparent height of 0.45 nm, which is
somewhat smaller than the expected value. However, I need to
stress that different interaction forces greatly influence height
measurements in NC-AFM, readily explaining this height dif-
ference.

The same reaction pathway is expected for DCBA, where the io-
dine atoms are replaced by chlorine atoms. DCBA has basically
the same pKa value of 2.50, but a higher carbon-halide bond
strength (Cl-C6H5: 400 kJ/mol versus I-C6H5: 272 kJ/mol) [157].
Based on the binding energies alone, very high thermolytic cleav-
age temperatures would be expected. Interestingly, in a recent
study, thermolytic cleavage of bromine has been achieved at
590 K within a the molecule sublimator (i.e., in the absence of
a metallic surface) [93].

Figure 9.4: Covalent
linking of DCBA. (a)
Overview NC-AFM
image of DCBA de-
posited onto the calcite
surface held at room
temperature, showing
0.7 nm high islands.
(b) NC-AFM image of
DIBA after annealing
above 565 K showing
molecular rows in a high
coverage.
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In this case, as mentioned above, the carboxylate formation and
the interaction with the surface is expected to facilitate the ho-
molytic cleavage. Thus, exclusively considering the bond
strengths certainly oversimplifies the situation. I do, however,
expect that somewhat higher temperatures are required when
repeating the same experiments with DCBA instead of DIBA.

I have done this experiment (Fig. 9.4) and, indeed, find the same
structures, but at an increased transition temperature which
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9 On-Surface Covalent Linking

has to be raised above 565 K for inducing covalent linking, ap-
proving the above made conclusion. After annealing, I observe
an increased defect density in the case of both, DIBA and DCBA.
These defects might arise from the dissociated iodine and chlo-
rine atoms, respectively. However, I speculate that most of the
dissociated iodine and chlorine atoms desorb upon annealing.

Changing the Substitution Position

Next, I have changed the substitution position from 2,5 to 3,5
with the objective to create a zig-zag structure after covalent
linking. As 3,5-diiodo benzoic acid was not available for this
study, 3,5-diiodo salicylic acid (DISA) is used instead, having a
pKa of 2.07. This low pKa value suggests the molecules to be
already deprotonated at room temperature.

The as-deposited structure is shown in Fig. 9.5(a), revealing a
commensurate (1 × 1) superstructure with an apparent height
of 0.6 nm, which agrees with upright standing molecules. An-
nealing this sample to 580 K again results in a distinctly dif-
ferent molecular pattern, as shown in Fig. 9.5(b). In this image,
molecular features of differing shape are observed. The apparent
height of these structures is in the order of 0.35 nm, suggesting
flat-lying molecules in this case. Among them, zig-zag structures
are, indeed, obtained as marked by a rectangle in the centre of
the image.

An enlarged view is given in Fig. 9.5(c) along with a model of
covalently linked poly(metaphenyl) molecules forming a zig-zag
row. The observed transition from standing molecules at room
temperature to lying molecular structures upon annealing can
be readily understood by considering the position of the carboxy-
late groups. In the case of individual DISA molecules, all mole-
cules can arrange with the carboxylate groups pointing towards
the calcite surface, resulting in a layer of upright-standing mol-
ecules. After reaction, however, the carboxylate groups point in
opposite directions, which prevents concerted binding of these
groups to the surface, explaining the transition from standing to
flat-lying molecules.
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Figure 9.5: Covalent
linking of DISA. (a)
NC-AFM image of DISA
deposited onto the cal-
cite surface held at room
temperature, revealing
a commensurate (1×1)
structure. (b) Detail
NC-AFM image of the
sample after annealing
to 580 K, revealing
a distinctly different
molecular structure.
A zig-zag pattern is
obtained as marked by
a rectangle. (c) Zoom
into the marked area in
(b) with a superimposed
model of the covalently
linked molecules. (d)
Model of the different
structures possible
upon covalent linking.
Besides a zig-zag row,
also other, kinked and
circular patterns are
possible.
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Besides zig-zag structures, DISA can form other patterns, which
occur when the molecules link with a different angle as illus-
trated in Fig. 9.5(d). This fact readily explains the less or-
dered appearance of DISA upon annealing as compare to the
structures observed after annealing of DIBA, as only straight
lines are possible in the latter case. The structural change from
straight lines as observed for 2,5 substituted DIBA and DCBA to
aggregates with a kinked linking in the case of 3,5 substituted
DISA constitutes a further strong confirmation of the above-
drawn conclusion of covalent linking.

Reducing the Number of Substitutions

As a further evidence for the coupling reaction, I next discuss
reducing the number of halide atoms at the phenyl ring from
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9 On-Surface Covalent Linking

two to one. Molecules with only one halide atom are expected to
form dimers instead of extended wires upon covalent linking.

To follow this approach, IBA with a pKa of 4.02 is deposited onto
freshly cleaved calcite. Due to the comparatively high pKa value,
the molecules remain protonated at room temperature, as is ev-
ident from a further structural transition observed upon mod-
erate annealing to 520 K before inducing covalent coupling at
higher temperatures as explained in Chap. 8. After the first an-
nealing step, two domains of extended islands are observed with
upright-standing molecules (Fig. 9.6(a)). Thus, the molecules
are assumed to bind as negatively charged carboxylates.

Figure 9.6: Cova-
lent linking of IBA.
(a) Annealing of the
IBA-covered sample
to a temperature of
520 K, two domains are
revealed (see Chap. 8).
(b) Molecular structure
of the IBA-covered sub-
strate after annealing to
580 K showing molecu-
lar rows running along
the [42.1] direction. The
rows are composed of
individually resolved
features that are aligned
side-by-side. (c) Zoom
onto a single molecular
row with superimposed
BPCDA model mole-
cules. (d) Structural
model to (c) showing
the flat-lying molecules
with the carboxylate
groups adsorbed on top
of two calcium ions of
the substrate.
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In an attempt to deiodize the IBA molecules and to induce a co-
valent linking of the remaining radical molecules to form BPDCA
molecules, the molecules are further annealed to thermally ac-
tivate the deiodization and subsequent linking. Annealing an
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IBA-covered calcite surface to 580 K again results in a signifi-
cant structural change.

As shown in Fig. 9.6(b), now rows are obtained that oriented
along the [42.1] calcite direction. The apparent height of the
rows is 0.4 nm, suggesting flat-lying molecules. The rows are
composed of features that fit excellently in size with BPDCA mol-
ecules aligned side-by-side, as illustrated by the superimposed
ellipses with size of BPDCA molecules (Fig. 9.6(b)). Often, two
or more rows are observed to align, resulting in double-rows and
larger arrangements.

Figure 9.7: (a) NC-AFM
image of BPDCA, reveal-
ing rows along the [42.1]
direction (Chap. 6). (b)
Situation after anneal-
ing to 580 K, resulting
in a structural change
that is ascribed to de-
protonation. Now, indi-
vidual rows of molecules
are observed that fit in
orientation and size with
the rows observed for re-
acted IBA.
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However, single rows exist as well, as shown in Fig. 9.6(c). Based
on these data, which reveal both, the molecular rows and the cal-
cite lattice simultaneously, the molecule adsorption position can
be determined unambiguously. The calcite lattice reveals the
two pronounced reconstructions, the (2 × 1) reconstruction and
the row pairing, allowing for an identification of the lattice sites
[53]. The lines drawn along the [01.0] direction in Fig. 9.6(c)
are superimposed onto the bright features of the calcite surface,
which are ascribed to the protruding oxygen atoms of carbonate
groups having the same orientation. The lines in [42.1] direc-
tion are placed in a way that they superimpose the less bright
features, which are known to be the oxygen atoms of the carbon-
ate groups having the opposite orientation within the unit cell.
As can be seen, the molecular row is centered in between the
lines drawn in [42.1] direction. The molecules within the row
are centered on the lines superimposed along the [01.0] direc-
tion. With this information, a precise structural model can be
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9 On-Surface Covalent Linking

constructed, as given in Fig. 9.6(d).

In this model, I assume the reacted IBA molecules to be depro-
tonated, as suggested by the structural change observed upon
moderate annealing. The size of a deprotonated BPDCA molecule
allows for an excellent alignment of the negatively charged car-
boxylate groups on top of two calcium ions of the substrate, which
is exactly what I obtain from the model. The measured mole-
cular spacing along the [42.1] direction of 0.81 nm reflects the
spacing of every two calcium ions along this direction. Along
the [01.0] direction, the measured spacing of 2.07 nm between
adjacent rows again reflects the calcite lattice dimensions (four
times 0.51 nm) and, thus, further supports the assumption of a
well-defined adsorption position in the case of covalently linked
IBA molecules.

I take the excellent agreement in size and the very reasonable
spacing with respect to the calcite substrate as strong indica-
tions for the reaction of IBA to deprotonated BPDCA. Moreover,
the transition in the molecular orientation from standing-upright
to lying-down provides further evidence for the covalent linking.
After the reaction, the carboxylic groups point in opposite direc-
tions, making concerted binding of the carboxylate groups to the
calcite impossible. As a consequence, the dimers are expected
to lie flat on the surface, which is, indeed, observed. Finally,
a direct comparison with BPDCA molecules further reveals the
structural similarity of the reacted IBA and as-deposited BPDCA
molecules (see Fig. 9.7), serving as a further confirmation of the
above drawn conclusion.

Summary and Conclusions

To conclude, I have demonstrated the covalent linking of halide
substitute benzoic acid molecules by thermal activation on a bulk
insulator, namely the (10.4) cleavage plane of calcite. The re-
sulting products constitute conjugated molecular structures on
a truly insulating support, providing electronic decoupling from
the substrate, which is mandatory for future applications. By
comparison of different substitution position as well as chang-
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ing the number of halide substituted atoms, I demonstrate the
specificity of this approach. These results pave the way for ap-
plication of on-surface synthesis on bulk insulators.
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By carefully selecting a suitable precursor molecule, I report on a
two-step linking reaction on a bulk insulating surface. Besides a
firm anchoring towards the substrate surface, the reaction sites
and sequential order are encoded in the molecular structure,
providing so far unmatched reaction control in on-surface syn-
thesis on an insulating surface.
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10 Two-Step On-Surface Polymerization

Introduction

The selective interaction of rationally designed molecular build-
ing blocks has been tailored with great success to steer the re-
sulting molecular structure in a well-controlled manner [143;
158]. Covalent linking of molecular precursors on the surface,
referred to as on-surface synthesis, has recently emerged as a
promising approach for the bottom-up fabrication of functional
molecular structures with superior stability and increased elec-
trical conductivity (Chap. 5). A very exciting aspect of on-surface
synthesis is the ability to follow new reaction pathways that
might not be possible by classical solution synthesis [150].

Up to now, the complexity of these structures has been very lim-
ited as most of the reactions have been performed in a single-
step manner. Increasing the structural variety of on-surface syn-
thesis requires utmost control with the ability to selectively in-
duce sequential linking reactions in a hierarchical manner. This
has recently been demonstrated using halide-substitute porphy-
rin derivatives on a Au(111) surface [108].

The latter work constitutes an elegant example exploiting the
specific dissociation energies of the bromine- phenyl and iodine-
phenyl bond. These dissociation energies are associated with
different activation temperatures, allowing for inducing the link-
ing reaction in a site-specific and sequential manner. Thus, the
reaction sites and sequence are encoded in the molecular struc-
ture of the precursors. So far, no example exists, demonstrating
hierarchical control in on-surface synthesis on a bulk insulator
substrate.

Figure 10.1: Model of a
2-(4-Bromophenyl)-6-(4-
chlorophenyl)pyridine-4-
carboxylic acid (BPCP-
PCA) molecule.

1 nm

Nitrogen:
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Oxygen:

Hydrogen:
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Herein, I present the first successful example of improved struc-
tural control that is achieved from a site-specific and selective
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two-step linking process on a bulk insulator surface in UHV. The
2-(4-bromophenyl)-6-(4-chlorophenyl)pyridine-4-carboxylic acid
(BPCPPCA, Fig. 10.1) molecule used in this study was selected
based on three functional groups.

Bromophenyl and chlorophenyl groups were chosen for inducing
site-specific and sequential covalent linking based on homolytic
cleavage of the halide-phenyl bonds, having dissociation ener-
gies of 336 kJ/mol (Br-C6H5) and 399 kJ/mol (Cl-C6H5) [157].
The third group is needed to provide sufficient anchoring to-
wards the bulk insulator substrate, the natural cleavage plane
of calcite (Chap. 4). A carboxylic acid moiety is known to bind
sufficiently to this surface [66], which constitutes an inevitable
prerequisite allowing for thermal activation of the desired reac-
tions before the desorption temperature is reached.

When deposited onto the surface at room temperature, ordered
islands are obtained as revealed by high-resolution NC-AFM. A
first distinct change in molecular structure is induced upon an-
nealing to 570 K, which can be assigned to the homolytic cleav-
age of the bromine-phenyl bond and subsequent covalent linking
of the resulting radicals, resulting in molecular dimers. Further
annealing to 610 K induces the subsequent cleavage of the re-
maining chlorine-phenyl bond. The covalent coupling of the rad-
icals now results in polymerization of the dimers into zig-zag and
closed ring structures, which are encoded by the specific design
of the molecular building blocks.

This study demonstrates the successful application of a hierar-
chical two-step linking process on a bulk insulator surface, re-
sulting in enhanced structural control that is programmed by
the rational design of the molecular structure.

Depositing BPCPPCA on the CaCO3 Surface

Upon submonolayer deposition of BPCPPCA molecules onto the
calcite surface held at room temperature, two types of ordered
islands are observed as shown in the NC-AFM images in Fig.
10.2. Overview images of island type A and B are given in Fig.

95



10 Two-Step On-Surface Polymerization

10.2(a) and (b), respectively. In Fig. 10.2(a), an A-type island
is shown in the lower part of the image, while the upper darker
area corresponds to the bare calcite surface. The island is com-
posed by two different areas, displayed in darker and brighter
color corresponding to an apparent height of 0.5 and 0.8 nm. I
ascribe the brighter area to a second layer occupation. Here, I
focus on the darker area, which is ascribed to a monolayer of
BPCPPCA molecules. Faint lines are visible that are oriented at
an angle of +50 ± 3◦ with respect to the [42.1] direction.

Figure 10.2: Molecular
islands after deposition
of BPCPPCA onto cal-
cite(10.4). (a) Island
type A exhibiting faint
lines that are oriented
at an angle of +50 ±

3◦ with respect to the
[42.1] direction. A
second-layer occupation
is seen. (b) Island type B
with faint lines that are
oriented at an angle of
−52 ± 3◦ with respect to
the [42.1] direction. As
in the case of island type
A, a second layer occupa-
tion is revealed. (c) and
(d) drift-corrected high-
resolution image of type
A and B, revealing a (2
× 4) superstructure that
is mirrored along an axis
parallel to the [42.1] di-
rection.
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A similar situation is found for the islands of type B as shown
in Fig. 10.2(b). An island with an apparent height of 0.5 nm
is seen. As for island type A, areas with an apparent height
of 0.8 nm are present that are tentatively assigned to a second
molecular layer. Additionally, a few defects are observed in the
monolayer film (lower right part of the image). The monolayer
island of type B exhibit faint lines that are oriented at an angle
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of −52 ± 3◦ with respect to the [42.1] direction.

The orientation of these lines indicates that the two island types
represent the same molecular adsorption structure that is mir-
ror imaged along an axis parallel to the [42.1] direction. This as-
sumption is further corroborated by the high-resolution images
given in Fig. 10.2(c) and (d).

Figure 10.3: Tentative
model for (a) the mole-
cular arrangement of the
molecules in type A and
B islands. The struc-
tures are mirror-imaged
along an axis oriented
along the [42.1] direc-
tion. (b) Side view
of the proposed arrange-
ment of the molecules
within island A. The
structure for the mole-
cules within island type
B is the same, but mir-
rored.
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A high-resolution image of a type A island is shown in Fig. 10.2(c).
The faint lines can be resolved as individual features that arran-
ge in rows. The periodic pattern is in agreement with a (2× 4)
superstructure as shown by the superimposed unit cell. A sim-
ilar but mirrored situation is seen for the islands of type B as
given in Fig. 10.2(d). Individual features are resolved that align
in rows, resulting in a (2 × 4) superstructure. (An area with
second-layer occupation is also seen in Fig. 10.2(d), which no
further discussed here.)

Based on these NC-AFM images, I can propose a tentative model
of the molecular structure in the monolayer islands as discussed
in Fig. 10.3. The (2 × 4) superstructure of island type A (b) is
shown in the upper (lower) part of Fig. 10.3(a). I ascribe each
individually resolved feature to a single molecule. Based on the
size of the molecules and the measured island height, I expect
the molecules to be standing upright on the surface in a tilted
fashion.

Assuming that the molecules anchor towards the surface with
the carboxylic acid anchor, the bright feature might be associ-
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ated with a protruding halide atom. It is to note that I only im-
age one of the two halide atoms, which can be readily understood
by a tilted arrangement and/or different interaction strength
with the AFM tip, resulting in different apparent heights. As
shown by the ellipses indicating the approximate size of the mol-
ecule, my model fits excellently to the assumption of a (2 × 4) su-
perstructure containing three molecules. The side views along
the [01.0] and [42.1] directions are given in Fig. 10.3(b).

Figure 10.4: Kelvin
probe force microscopy
information: (a) Topo-
graphy image showing
BPCPPCA molecule is-
lands on the calcite(10.4)
surface. (b) Correspond-
ing KPFM image with
the bare calcite surface
set to about 0 V.
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I propose a anchoring of the carboxylic acid moiety towards the
surface. Given the large negative shift of the contact potential
of the islands with respect to the calcite surface (see Fig. 10.4),
I assume that the carboxylic acid group is deprotonated. This
assumption is in excellent agreement with previous studies re-
vealing the deprotonation of a benzoic acid derivative presented
in Chap. 7, 8 and 9. The negatively charged carboxylate group
is expected to anchor towards the positively charged surface cal-
cium cations. However, it is important to mention that the dis-
cussion made here does not depend on the protonation state of
the carboxylic acid moiety.

Along the [01.0] direction, the molecules are stacked in a shifted
arrangement, which can be easily motivated by optimization of
π-π interaction of the phenyl rings. Finally, to allow for π-π inter-
action and probably halogen-π interaction [159], the molecules
are assumed to tilt with an angle of approximately 35◦, which re-
sults in an optimum molecule-molecule distance of 0.3 nm for π-
π interaction. Although height measurements in NC-AFM must
not be taken literally, I note that the apparent height of 0.5 nm
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is in good agreement with this tilted arrangement.

A First Heating Step

The situation as revealed after deposition onto the surface held
at room temperature changes drastically upon annealing the sub-
strate to 570 K, indicating a significant change in the molecular
structure. A representative NC-AFM is given in Fig. 10.2(a).
Instead of ordered islands, chain-like structures are formed on
the surface. Although the overall ordering is poor compared to
the islands, two main orientations of the chain-like structures
(marked with I and II) can be identified. The two orientations
span an angle of approximately 49 ± 3◦.

A zoom into the chain structure of type II as shown in Fig. 10.2(b)
reveals a periodic structure within the chain. The same holds
true for the chains of type I as shown in Fig. 10.5(c). The span-
ning angle of 49◦ can be obtained by considering an angle of +67
± 3◦ and −64 ± 3◦ with respect to the [42.1] direction for the
I and II chains. Thus, this angle and the similarity of the two
chain structures indicate that these two structures are, in fact,
identical but mirror-imaged structures.

To elucidate the details of these structures, I note that the indi-
vidual features imaged within these chains appear significantly
larger than the individual features within the ordered islands
observed before. This indicates that the envisioned linking re-
action has taken place upon homolytic cleavage of the bromide
atoms. A dimer structure that is covalently linked at the formed
bromine position (6,6’-([1,1’-biphenyl]-4,4’-diyl)bis(2-(4-chloro-
phenyl)isonicotinic acid)) exhibits either a U or an S-like shape.

Assuming that the dimer molecules anchor with the two car-
boxylate groups towards the surface calcium cations results in
well-defined adsorption positions. The S form is expected to be
thermodynamically more favorable. Moreover, when assuming
the surface calcium atom as suitable adsorption position for the
chlorine atoms, the S form is clearly favored over the U form.
Optimizing the intermolecular distance to allow for halogen-π
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10 Two-Step On-Surface Polymerization

Figure 10.5: Distinctly
different structure
obtained after anneal-
ing the substrate to
about 570 K for 1 h. (a)
Overview image, reveal-
ing chain-like structures
forming two types (I and
II spanning an angle of
approximately 49 ± 3◦).
(b) Drift-corrected detail
image for chain type II.
(c) Drift-corrected detail
image for chain type
I with superimposed
model. (d) Proposed
model for the two dif-
ferent chain types on
calcite(10.4).
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interaction can be understood as the driving force behind the
lateral shift of the molecules perpendicular to the row direction.
This readily results in a molecular chain that forms an angle
of either +66 or −66◦ with respect to the [42.1] direction as ob-
served in the experiment.

I thus conclude this part by summarizing that significantly dif-
ferent structures are obtained upon moderate annealing, namely
molecular chain structures. The individual features within the
chains fit in size with dimer molecules. Moreover, the observed
chain structure can be readily explained by a rational assem-
bly of the dimers. All three findings agree well with the assign-
ment of a first covalent reaction step involving the cleavage of
the bromine-phenyl bond.
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Second Linking Step

Next, I anneal the surface with the chain-like structures in a
second step to 610 K. The resulting structures are shown in Fig.
10.2. Most strikingly, the molecular structures that are present
on the surface after the second annealing steps are, again, dis-
tinctly different from both, the as-deposited ordered islands and
the chain-like structures observed after the first, moderate an-
nealing step.

Figure 10.6: Structures
observed after the sec-
ond annealing step to
610 K for 1 h. (a) Rows
oriented along an angle
of +60 ± 3◦ with re-
spect to the [42.1] di-
rection and ring-like fea-
tures are observed to co-
exist on the surface. (b)
High-resolution image of
an extended row struc-
ture. (c) High-resolution
image of a closed ring
structure. Note that the
rows running from the
upper left to lower right
originate from the cal-
cite(10.4) substrate.
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Now, rows oriented along an angle of +60 ± 3◦ with respect to
the [42.1] direction and ring-like features are observed to coexist
on the surface (Fig. 10.6(a)). The rows (Fig. 10.6(b)) differ in
appearance and, most notably, in orientation with respect to the
underlying substrate lattice, clearly indicating that the rows are
composed of other building blocks than the chain-like structures
revealed after moderate annealing.

Moreover, ring-like features (Fig. 10.6(c)) are seen on the sur-
face, exhibiting a distinct internal structure. To elucidate the
structural details, I first consider the row structure as shown
in Fig. 10.7(a). A periodic structure is clearly resolved that fits
excellently in size with a structure that is composed by further
linking of the dimer molecules via cleaving the chlorine-phenyl
bond.

Arranging the model such that the carboxylate groups can bind
towards the calcium cations results in an angle of +61◦ with re-
spect to the [42.1] direction, that is exactly what is observed
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10 Two-Step On-Surface Polymerization

experimentally. Thus, the size match, the agreement of the peri-
odic repeat distance and the observed orientation on the surface
corroborate the model of a further linking of the dimer units in
a zig-zag polymer.

Figure 10.7: High-
resolution images after
the second annealing
step. (a) Drift-corrected
image of the row struc-
ture and proposed
model. (b) Drift-
corrected image of the
ring structure with
proposed model.

(a)

(b)

Considering the dimer units reveals that a second structure is
feasible when linking the dimer building blocks, namely a closed
ring. This structure is observed experimentally. The detailed
analysis in Fig. 10.7(b) confirms the excellent size match. More-
over, the internal structure seen as dark stripes in the ring-like
feature suggests that the four initial precursor molecules are re-
solved. I assign the bright part to the carboxylate group that is
again positioned atop a surface calcium atom.

In the proposed model three out of the four carboxylate groups
can attain perfect on-top positions while the forth group does not
fit to the surface lattice. This size mismatch of the ring structure
with the underlying calcite lattice might be the explanation for
the fact that I frequently observe one of the four bright features
different from the three other bright features within a ring.

To summarize the results of the second annealing step I note
that yet different structures are obtained after the second acti-
vation step. Two coexisting structures are revealed, as expected
from the structure of the molecular precursors. Extended rows
can be identified that fit is size, periodicity and orientation to the
model of a further linked zig-zag polymer. Linking two dimers in
a closed fashion results in ring-like features that are observed to
coexist on the surface. The sum of these experimental findings
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strongly indicates the successful activation of the second reac-
tion step involving the chlorine-phenyl bond.

Summary and Conclusions

In conclusion, I present the first successful example of a two-step
polymerization reaction on a bulk insulating surface. Carefully
selecting a precursor molecule that provides both the encoding
of the selective and sequential reaction sites as well as suit-
able anchor groups for preventing desorption is demonstrated
to result in hierarchical polymerization. Extended zig-zag and
closed ring structures are created upon sequential activation of
homolytic cleavage of first bromine-phenyl and second chlorine-
phenyl bonds. This work demonstrates that enhanced struc-
tural control in on-surface synthesis can be achieved even on the
weakly interacting surface of a bulk insulator.
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11 Summary

In conclusion, this thesis describs for the first time the cova-
lent coupling of organic molecules on a bulk insulator, namely
calcite. By using state-of-the-art non-contact atomic force and
Kelvin probe force microscopy at room temperature, fundamen-
tal molecular processes were analyzed in terms of molecule-sur-
face interactions as well as chemical transformations and reac-
tivity.

In Chap. 6, the molecule-surface interaction is enhanced by an
excellent geometrical match of the molecular structure of BPDCA
to the substrate dimensions. A very pronounced row structure
is obtained based on a favorable adsorption position with both
carboxyl groups anchoring toward the calcite surface, causing a
strong surface templating effect. A second structure is formed
by molecules that can form hydrogen bonds as present in the
bulk structure. The subtle balance between molecule-surface
and intermolecular interactions is expressed by the coexistence
between these two different molecular structures, allowing for
gaining insights into the driving forces behind the molecular
self-assembly.

The direct visualization of molecule deprotonation on calcite is
presented in Chap. 7. Two phases are observed to coexist af-
ter deposition of DHBA molecules. High-resolution images are
shown to change in time form a transient bulk-like phase into
a stable dense phase. The transition is understood by consider-
ing the protonation state of the molecules. While the bulk-like,
hydrogen-bonded structure requires the molecules to be proto-
nated, the resulting dense phase is driven by electrostatic inter-
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11 Summary

action of the deprotonated carboxylate moieties with the surface
calcium cations. The high-resolution capability of Kelvin probe
force microscopy allows to reveal the intramolecular charge dis-
tribution within a single DHBA molecule depending on the pro-
tonation state.

By controlled deprotonation the activation of substrate templat-
ing is demonstrated as shown, in Chap. 8. Upon deposition
of IBA molecules on the natural cleavage plane of calcite, is-
lands only nucleate at step edges, indicating the weak molecule-
surface interaction. Annealing the substrate, the molecules un-
dergo a transition from the protonated to the deprotonated state.
In the deprotonated state, the molecules adopt a well-defined ad-
sorption position, resulting in a distinctly different, substrate-
templated molecular structure.

The first successful covalent linking of halide-substituted ben-
zoic acid molecules on the same surface is demonstrated in
Chap. 9. The deprotonated carboxylate acid group is exploited
to avoid desorption of the precursor molecules upon thermal ac-
tivation required for the linkling reaction. Moreover, the pres-
ence of the carboxylate group being a strong electron donor is ex-
pected to weaken the phenyl-halide bond and, therefore, favour
homolytic cleavage of this bond to give reactive phenyl radicals
at moderate temperatures without the need of a coupling cat-
alyst. The specificity of this approach is confirmed by creating
conjugated molecular wires, zig-zag structures as well as dimers
by exploiting different substitution position as well as changing
the number of halide substituted atoms.

Building upon this achievement, a two-step linking reaction on
the insulating calcite surface is presented in Chap. 10. For in-
ducing site-specific and sequential covalent linking, a precursor
molecule is chosen that provides bromophenyl and chlorophenyl
groups, having different dissociation energies for homolytic cleav-
age of the halide-phenyl bonds. Following a first heating step,
a chain structure of the self-assembled precursor dimers is ex-
plained by dissociation of the bromine-carbon bond. Upon the
second, higher thermal activation step involving the chlorine-
phenyl bond, extended zig-zag and closed ring structures are cre-
ated. Therefore, the reaction sites and sequential order are en-

106



coded in the molecular structure, providing so far unmatched re-
action control in on-surface synthesis on an insulating surface.

The results of this thesis, therefore, constitute a significant step
towards exploiting on-surface synthesis for molecular electronics
and related applications. The described approaches and meth-
ods will assist producing future molecular electronics. This will
allow for benefiting from conjugated carbon nanostructures as
functional materials in integrated circuits instead of the present
silicon-based electronics.
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A oscillation amplitude
AFM atomic force microscopy
AM amplitude-modulated

Γ dissipation
∆Φ difference in work functions

f0 resonance frequency of freely oscillating cantilever
∆ f frequency shift
Fel electrostatic force
fmod modulation frequency
FM frequency modulated
Fts tip-sample interaction force

k cantilever spring constant
KPFM kelvin probe force microscopy
kts tip-sample force gradient

NC non-contact

PLL phase-locked loop

SPM scanning probe microscopy
STM scanning tunneling microscopy

Q quality factor

Ucpd contact potential difference
Udc applied DC voltage
Umod modulation voltage
UHV ultra-high vacuum
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