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Abstract: Scanning probe microscopy (SPM) techniques are well known to pro-
vide images of molecular structures deposited on surfaces. Equipped with func-
tionalized tips, these techniques have broadly demonstrated to achieve atomic
resolution. However, the origin of certain aspects of the obtained images is still
under debate.

This thesis investigates the origin of the sharp intermolecular features that fre-
quently appear in the high-resolution SPM images. It is confirmed that the saddle
points of the potential energy surface are the origin of the lateral bendings of the
probe which are detected as narrow edges in the images. This situation can
occur between non-covalently bonded atoms, due to their mere presence. There-
fore, they cannot be interpreted as a direct representation of weak intermolecular
bonds.

This text also describes the work done to obtain direct images of anisotropic
charge distributions, such as σ-holes, using a Kelvin probe force microscope with
a properly functionalized tip. The simulations performed using a model developed
expressly for this project demonstrate that the images obtained experimentally
can reflect both the electrostatics of the tip and the sample.

Additionally, the isomerization of organometallic chains, driven by the strain
induced by the substrate on which the chains lie is characterized. To this end,
theoretical ab-initio simulations of the molecular dynamics based on density func-
tional theory were performed, which elucidated key aspects of the experimental
process.
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Introduction
The research on the surface of solids has been growing in recent decades, boosted
by the advances in ultra-high vacuum (UHV) and surface analysis techniques. In
the last years, many authors have published their research about the behaviour
of different structures deposited on the surfaces of solids. For example, the depo-
sition and self-assembly of molecules in ordered structures1–5 or the formation of
one-dimensional (1D) molecular chains6–8 has been largely investigated. Another
good example are the two-dimensional (2D) planar materials, which have been
widely investigated,9,10 mainly since the experimental isolation of graphene in
2004.11

Surface sciences usually focus on model systems consisting of predominantly
clean, homogeneous or ordered materials. Also, the structures that are grown
or the molecules that are deposited on these surfaces do so under extremely
controlled conditions. That is why most of these experiments are carried out
under UHV conditions, in order to properly prepare and preserve the desired
chemical and physical properties of the samples.

For the preparation and preservation of such samples, surface physics counts
with a broad variety of experimental techniques.12 The low energy electron diffrac-
tion (LEED) technique for example, is commonly used to characterize the crys-
tallographic order of the sample. Another good example could be the X-ray pho-
toelectron spectroscopy (XPS), where the photoemission of core-level electrons
from the sample after its exposition to X-ray light will reveal information about
the chemical composition of the surface. Nevertheless, these two examples will
only provide information that is averaged over areas of the order of micrometers,
missing for example the description of isolated defects or molecules.

It was not until the invention of the scanning tunnel microscope (STM) and
the atomic force microscope (AFM)13,14 that it became possible to image the
surfaces in real space at nanometric levels and beyond. These techniques also al-
lowed to manipulate individual atoms on the surface and control the compounds
absorbed on it at molecular level. Since then, many modifications have been
made to the so-called scanning probe microscopy (SPM) family of experimental
techniques. One of the most important improvements was probably the function-
alization of the tip by attaching an atom or molecule to its apex.

The experimental development of surface sciences has been accompanied by a
similar development of theoretical methods. For example, different models for the
simulation of SPM experiments have been proposed and implemented.15–20 Fur-
thermore, different theoretical approaches have been used to study the electronic
and atomic structure of the molecules and solids. The most extended option to
describe large atomic structures is probably the density functional theory (DFT),
but many approaches could be found in the literature.21–23 Also, the ab-initio
molecular dynamics (MD) simulations24 had been gaining attention in the last
decades, due to their proficiency to describe molecular transformations.25–29

The following chapters can be divided into two groups. The first three chap-
ters introduce the essential theoretical foundation behind the calculations and
results presented afterwards. Then, the three last chapters introduce three pa-
pers published by the author of this thesis and his colleagues. These three works
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were chosen among the author’s publications to exemplify how useful the com-
putational methods are for the study of molecules in the solid-vacuum interface.

Chapter 4 introduces the work carried out to analyze the imaging mecha-
nism of certain SPM techniques. Using the probe particle (PP) model15, we
investigated the origin of the SPM signal when the probe scans the area be-
tween halogenated benzene rings absorbed on a metallic substrate. Based on the
obtained results, we discuss the extensively debated topic of non-covalent bond
visualization using SPM.

Then, chapter 5 details the motivation, implementation and theoretical back-
ground of a computational model developed to simulate Kelvin probe force mi-
croscopy (KPFM) experiments. We implemented this model with the aim of
assisting the KPFM experiments that were performed to study the electrostatic
character of halogenated tetraphenyl molecules. The main outcome of this ex-
periment was the novel visualization of the σ-hole exhibited by one of the studied
molecules. This result demonstrates not only the already predicted existence of
the σ-hole but also the capability of the KPFM to achieve subatomic resolution.

Finally, chapter 6 summarizes the calculations performed to characterize the
isomerization of molecular chains deposited on a metallic substrate. In this
project, we used AFM simulations to confirm our interpretation of the experimen-
tally obtained images. We also used DFT calculations to elucidate the driving
force of the internal transformations suffered by the chains during the annealing at
room temperature. To complete the characterization of the chains isomerization,
we performed quantum mechanics/molecular mechanics (QM/MM) based MD
simulations to work out the most probable reaction mechanism. The QM/MM
method allowed us to describe the system that we used to simulate the reaction
with a combination of DFT and empirical force fields, keeping the calculation
computationally affordable.
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1. Scanning probe microscopy
The Scanning probe microscopy (SPM) is a group of experimental techniques
that consists of the sample’s surface examination using an atomically sharp tip.
Essentially, a needle is brought close to the sample, as it is schematized in Fig-
ure 1.1, up to nanometric distances. Then the tip is moved across the sample,
recording certain quantities that depends on the tip-sample interaction, to map
the sample surface and control the scanning process.

Since the scanning tunnel microscope (STM) was invented,13 several variations
of this technique had been developed, creating the SPM family. This chapter
introduces the basic theory of the experimental SPM modes studied theoretically
during this thesis.

Figure 1.1: Scheme of a general SPM setup. The tip, controlled by the computer,
scans a certain characteristic of the surface. The tip-sample interaction is both
recorded as data by the computer and used to adjust the control of the tip.

1.1 Scanning tunnel microscopy
The STM technique records the tunnel current that flows between the tip and the
sample when they are subject to a external potential difference. This current can
be approximated as the electrons tunneling between two electrodes brought close
together, separated by a potential barrier, and under an external bias voltage
(see Figure 1.2).

Based on the work of Bardeen for a metal-oxide-metal interface,30 the quan-
tum tunnel current between tip and sample can be described by means of per-
turbation theory:31
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Figure 1.2: Schematic depiction of a STM tip-sample system. The positive
applied potential lowers the energy levels of the sample allowing the electrons to
tunnel between compatible states. The green arrow exemplifies a certain allowed
transition between a initial state in the tip and a final state in the sample. The
red arrows indicate forbidden transitions because the initial state is empty (upper
arrow) or because the final state in filled (bottom arrow).

I = 4πe

ℏ

∫︂ eV

0
ρtip(Et

F + ε)ρsample(Es
F + ε − eV )|MT |2dε, (1.1)

where ρtip and ρsample are the densities of states (DOS) of tip and sample, with
fermi levels Et

F and Es
F respectively, ε is the energy of a given electron tunneling

from tip to sample, and MT is the transmission matrix between the initial and
final states.

The elements of the matrix MT , assuming a single orbital in the tip for sim-
plicity, can be approximated using the Chen’s rules16,32,33 as:

MT =
atoms∑︂

a

4πCaκ
1
2 e−κ|ra| ·

orb.∑︂
α

Yαca,α, (1.2)

where the index a sums over all the atoms in the sample and α over all the orbitals
in the atom a, Yα is the spherical harmonic that corresponds to the orbital α, ca,α

is a weight prefactor to the orbital α of the atom a, κ is the decay length that
depends on the the work function of the tip (Φt) and sample (Φs), ra is distance
between the tip and the scanned atom and Ca is an amplitude constant for the
transition between the tip and the atom a.

To summarize, the tunnel current depends on the density of states of tip and
sample, the shape of the corresponding wave functions, the work function of the
tip and sample and the distance between them.
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1.2 Atomic force microscopy
A few years after the invention of STM, the atomic force microscope (AFM)
appeared.14 This technique detects the direct interaction forces between the tip
and the sample, eliminating the need of conducting sample/tips.

The components of the interaction force can be divided in long range (LR)
and short range (SR) forces. At distances of a few Angstroms, the Pauli exclusion
between the electrons of tip and sample manifest in the form of a repulsive force
that decay exponentially with the distance. In the same region, the dispersion
interaction between atoms contributes with an attractive force to compensate the
Pauli repulsion. The interplay between Pauli repulsion and SR dispersion can be
described with the LJ force field:

V (r) = V0

[︄
− 2

(︃
σ

r

)︃6
+
(︃

σ

r

)︃12
]︄
, (1.3)

where r is the distance between a pair of atoms that have a minimal interaction
energy V0 at r = σ, as it is shown in Figure 1.3.

Figure 1.3: Lennard-Jones potential components. The dispersion interaction
between a pair of atoms is plotted in blue, the Pauli repulsion in orange and total
potential in black. The depth of the energy well is given by the constant V0 and
its position by σ.

In the case of tips and samples with net charge, an electrostatic interaction
(VEl) will also act between them:

VEl(r) = 1
4πε0

QtQs

r
, (1.4)

where ε0 is the vacuum permittivity and Qt and Qs are the net charges of tip and
sample. Additionally, chemical interactions could appear at really close distances,
where the orbitals of tip and sample overlap.

At large tip-sample distances, the electrostatic interaction still present as it
decays as 1/r. Also, despite the fast decay of the SR dispersion interaction between
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atom pairs, the LR dispersion interaction between the macroscopic tip and the
sample’s substrate still present. For the case of a spherical tip of radius Rtip

and an infinite plane that represents the sample, the LR dispersion interaction is
given by:34,35

VLR−disp. = −AHRtip

6z
, (1.5)

where AH is the Hamaker constant, that depends on the type of materials that
constitute the tip and sample, which usual values are of the order of 1 eV .

1.2.1 Operation modes
Different experimental approaches are usually used to detect the tip-sample inter-
action forces. The AFM operation methods can be basically cataloged in static
and dynamics modes.

In static mode, the tip is brought close the sample and the surface is mapped
observing the vertical deflection of the tip due to its interaction with the sample.
In the dynamic mode instead, the tip is externally driven by an oscillating arm
called cantilever that will act as force sensor.

Essentially, in the dynamic mode, the cantilever is externally excited to its
eigenfrequency (f0). Then, the tip-sample interaction force is detected by the
changes it induces in the oscillation of the cantilever. In amplitude modula-
tion AFM mode (AM-AFM), changes in the oscillation amplitude are measured,
while in the frequency modulation AFM mode (FM-AFM) the amplitude is keep
constant and shifts in the frequency are recorded.

Figure 1.4: Scheme of a nc-AFM set up. The driving force Fdrive = −kzdrive in-
duces and oscillation to the cantilever. The swinging movement of the tip (placed
at the end of the cantilever) is perturbed by the tip sample interaction and the
changes in the dynamics of the tip are recorded as force descriptors.

This thesis presents computational simulations of the FM dynamic mode of
non-contact AFM (nc-AFM). In this modality, the dynamics of the tip can be
modeled, as illustrated in Figure 1.4, using a driven-damped harmonic oscilla-
tor:31

mq̈(t) + mω0

Qcant

q̇(t) + k(q(t) − zdrive − ∆L) = Fts(z + q(t)), (1.6)

where k, ω0, m and Qcant are the elastic constant, natural angular frequency,
mass and quality factor of the cantilever, ∆L and z are the equilibrium position
of the tip with respect to the base of the cantilever and the sample respectively,
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Fts is the tip sample interaction, −kzdrive is the driving force according to Hook’s
law and q(t) is the tip oscillation position around the equilibrium position.

The frequency shifts ∆f induced by the tip-sample interaction force (Fts), as-
suming and harmonic solution and small shifts on the angular frequency (∆ω <<
ω), is:36

∆f = 1
A2k

∫︂ T

0
Fts[z + q(t)] · q(t)dt, (1.7)

where the frequency shift ∆f is proportional to the time average of the product
of Fts and q(t) over a complete oscillation of period T and amplitude A.

1.3 Kelvin probe force microscopy
The Kelvin probe force microscopy (KPFM) adapts the Kelvin probe experi-
ment37 to a nc-AFM set-up with the aim of map the electrostatic character of
surfaces. This technique records the variations of electrostatic interaction force
between tip and sample when an external potential is applied between them.

To obtain a theoretical description of the interaction mechanism, the far and
close tip-sample distance regimes need to be treated independently. The theoreti-
cal model for the macroscopic long range interaction is described in the following,
and the interaction at close tip-sample distances will be treated in chapter 5 with
a model developed by the author.

At far tip-sample distances the KPFM system can be modeled as the plates
of a capacitor. This model starts considering two conductive materials, the tip
and the sample, with different work function, brought close to each other at a
distance z (Figure 1.5a). Then, when the two materials get connected with a
wire (Figure 1.5b), a flow of electrons occurs to balance their Fermi levels. This
charge reorganization creates opposite superficial charges that attract each other
with an energy:

EKP F M = 1
2

Q2

C (z) = 1
2C (z) V 2

CP D = 1
2C (z) (Φt − Φs)2 , (1.8)

where C (z) is the capacitance of the tip-sample system, Q is the superficial
charge created on each plate and the so-called contact potential difference VCP D

is defined as the difference between the work function of tip Φt and sample Φs.
To determine the value of VCP D, an external bias (V ) is applied to revert the

charge reorganization and nullify the electrostatic attraction (See Figure 1.5c):

EKP F M = 1
2C (z) (V − VCP D)2 . (1.9)

Hence, as V is known, the VCP D and therefore the difference between work func-
tions VCP D = Φt − Φs is determined.

The experimental determination of the VCP D is done using a nc-AFM setup,
commonly using frequency modulation, analyzing the dependence of force with
V through the frequency shift (∆f). The bias dependent force between tip and
sample (FKP F M), due to the superficial charges, can be derived from equation
1.9:
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Figure 1.5: Density of states scheme of the capacitor model of a KPFM set-up.
(A) Before the electric connection. (B) electrically connected, the Fermi levels
balance and the contact potential difference force appears. (C) After the VCP D is
externally compensated.

FKP F M = 1
2

∂C (z)
∂z

(V − VCP D)2 . (1.10)

FKP F M is always attractive, as C(z) is inversely proportional to the plates dis-
tance z, and with a minimal magnitude at V = VCP D. When this force is added
to the total force Fts in equation 1.7 and the ∆f is represented as a function of
the external bias voltage, a parabola which maximal point is centered at VCP D is
obtained (see Figure 1.6A).

Figure 1.6: Depiction of the frequency shift vs applied bias parabolas (∆f(V ))
commonly obtained in KPFM experiments. (A) Examples of ∆f(V ) parabolas
obtained at far tip-sample distances. The values of VCP D in this case are de-
termined by the work functions of the tip (Φt) and sample (Φs). (B) At close
tip-sample distances, the local values of the contact potential difference (VLCP D)
depend on the tip lateral position.

At far tip-sample distances, the value of VCP D is independent of the tip-
sample relative lateral position and depends only on the difference between the
work functions of tip and sample VCP D = Φt − Φs (see Figure 1.6A). On the
other hand, local differences on the values of VCP D can be observed at close tip-
sample distances (Figure 1.6A). The different values in this case are labeled VLCP D

10



(local contact potential difference) to distinguish these from the macroscopic term
VCP D. The origin of the local variations of VCP D are discussed in chapter 5, where
a theoretical model is implemented to describe the physical mechanism behind a
series of experimentally obtained results.

1.4 Tip functionalization
One of the mayor advances in SPM microscopy in the last years was the discovery
of the enhanced molecular resolution that could be achieved functionalizing the
microscope’s tip. Placing an inert molecule on the apex of a metallic tip notably
reduces its chemical reactivity. At the same time, the molecule will become the
mechanically softest part of the tip-sample junction. As a consequence of this
functionalization, the microscope can operate at short tip-sample distances, al-
lowing to map the interaction at repulsive distances without inducing permanent
changes in the sample or the tip.

Leo Gross and his colleges presented in 200938 the first high-resolution AFM
images of pentacene molecules using a carbon monoxide (CO) functionalized tip,
triggering a deep research on tip fuctionalized AFM.39 The contrast enhancing
in the case of AFM is attributed to the capacity to obtain images at repulsive
distances and the lateral bending of the molecule that decorates the tip.15,40

The enhancement of STM resolution due to the decoration of the tip with
a flexible molecule is also well documented. In 2005, Jascha Reep et al.41 used
a pentacene decorated tip to obtain images of the molecular orbitals of other
pentacene molecules with submolecular resolution. A few years later, Ruslan
Temirov et al.42 found the resolution of their STM images enhanced after allowing
the admission of molecular hydrogen in the vacuum chamber that contains the
tip-sample system. For the case of a CO terminated tip, the enhanced contrast
in STM is attributed to the highly directional mixture of s and pz orbitals that
terminate the CO molecule43 and the lateral relaxation of the CO molecule.16

Additionally, an special feature of STM with CO decorated tip was introduced
by the group of Wilson Ho, the inelastic electron tunnel spectroscopy (IETS).44

This technique detects the inelastic tunnel events, recording the second derivative
of the tunnel current (d2I/dV 2) obtained with a CO decorated tip measuring
across the sample.

An inelastic tunneling event can occur in STM when the applied bias voltage
match the energy of the vibrational modes of the molecules in the tunnel junc-
tion.45 Also, the energy of the vibrational modes of a CO molecule attached to
the STM tip will be sensible to the tip sample interaction. Knowing this, the tip-
sample interaction can be measured scanning the surface with a CO decorated tip
at a bias close to energy of the frustrated translation mode of the CO molecule
(Evib ∼ 2.4meV ). Then, the changes in Evib will be reflected in d2I/dV 2, that
will show sharp peaks at repulsive distances, where the decorating molecule bends
laterally.
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1.5 Probe particle model
The probe particle (PP) model is a family of theoretical models that characterize
different SPM techniques, initiated in 2014 by Hapala et al.15 with a PP model
for AFM (PPAFM). The model introduces the concept of PP, that describe the
flexible atom/molecule at the tip apex as a single particle (depicted as the black
atom in Figure 1.7) that is bond to the tip apex by certain harmonic recovery
forces (Fspring and Flat in Figure 1.7).

Figure 1.7: Scheme of the concept of probe particle.15 The atom/molecule that
decorates the tip is modulated as a single particle (black atom) bonded to the tip
by the recovery force Fspring and the lateral stiffness Flat

The AFM modality of the the PP model15 relaxes the position of the probe
particle under the interplay of Fspring, Flat and the probe-sample interaction force
(Fint), as depicted in Figure 1.7. Fint is described using a LJ potential (see
equation 1.6 and Figure 1.3). Finally, the Coulomb electrostatic interaction based
on the Hartree potential calculated from density functional theory (DFT) can be
included.46 Then, the frequency shift is calculated using the method proposed by
Giessibl.36

The model closely reproduces the experimental results, with blunt contrast
in the attractive region and sharp edges at repulsive distances. This is due to
the lateral depletion of the probe near the saddle points of the potential energy
surface of the sample. The relation between the observed sharp edges and the
presence of bonds in the sample is extensively discussed in the literature15,47 as
well as in the chapter 4.

The PP model is also designed to describe the IETS mode with a CO dec-
orated tip.46 This modality calculate the changes induced by Fint in the vibra-
tional modes of a CO molecule attached to the tip. This modality of the model
reproduces the expected sharp peaks and edges in the d2I/dV 2 signal due to the
softening of the normal modes associated with the lateral bending (see Figure 11
in ref.46).
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Besides a simple STM model was included in the original PP model15 based
on exponential tunnel hoppings, Krejčí et al.16 introduced a more sophisticated
model, combining the PPAFM mechanics of the probe and Chen’s rules to de-
scribe the tunneling process. The results discussed in the original paper already
demonstrates that the spatial distortion induced by the deflection of the flexible
probe is crucial to reproduce the experimental findings.

The PP model toolkit family had demonstrated to be extremely useful to
understand the experimental results obtained with functionalized tips. Therefore,
with the aim of contributing to this effort, an important part of the present thesis
is dedicated to extend this model to describe the short range contrast in KPFM
experiments.
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2. Quantum description of
atomic assemblies.
Atomic systems such as bulk materials, surfaces, molecules, etc. can be described
solving the quantum-mechanic stationary Schrödinger equation:

HΨ = EΨ, (2.1)
in which Ψ is the wave function of the system, E is the corresponding energy
eigenvalue and H is the Hamiltonian operator that describes the system.

The complete many-body Hamiltonian of a system formed by Natm ions and
N electrons is:

H = Tn + Vn−n + Te + Ve−e + Vn−e, (2.2)
where, Tn is the sum of kinetic energy of all the nuclei with mass Mα at position
R⃗α:

Tn = −iℏ
Natm∑︂
α=1

1
2Mα

(︄
∂

∂R⃗α

)︄2

, (2.3)

Vn−n sums the coulomb interactions between the αth and βth nuclei with atomic
numbers Zα and Zβ for all the atoms:

Vn−n =
Natm∑︂

α

Natm∑︂
β ̸=α

ZαZβe2

|R⃗α − R⃗β|
, (2.4)

Te is the kinetic energy of all the electrons with mass me at positions r⃗i:

Tn = −iℏ
N∑︂

i=1

1
2me

(︄
∂

∂r⃗i

)︄2

, (2.5)

Ve−e sums over the interactions between the ith and jth electrons:

Ve−e =
N∑︂
i

N∑︂
j ̸=i

e2

|r⃗i − r⃗j|
, (2.6)

and the last term, Vn−e, is the electron-nuclei interaction:

Vn−e = −
Natm∑︂
α=1

N∑︂
i=1

e2Zα

|R⃗α − r⃗i|
. (2.7)

The Schrödinger equation (2.1), with a complete Hamiltonian as the above de-
scribed, is in most cases impossible to treat neither analytically or computation-
ally and a series of approximations need to be assumed.

The first simplification, known as the Born-Oppenheimer approximation, as-
sumes that the electrons move much faster than the nuclei and hence their dy-
namics can be separated. Further simplifications of the problem bifurcates in two
kinds of methods, depending if they rely on the wave functions or in the electronic
density of the system.
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Originally, the quantum chemistry methods where, and in most cases still
are, based in the calculation of the wave functions of the system. On the other
hand, methods based in the density functional theory are preferred in fields like
condensed matter physics. This chapter introduces briefly both approaches, in
order to justify the election of the density functional theory (DFT) to describe
the electronic structure of the systems studied in the present thesis.

2.1 One-electron approximation
An usual approach to a formalism based on the wave function is the one electron
approximation in which the electronic wave function is separated in single electron
wave functions. A simple way to formulate this approximation is the Hartree
product, that for the simplest case of two electrons is:

ΨN (r⃗1σ1, r⃗2σ2) = ϕ1(r⃗1, σ1)ϕ2(r⃗2, σ2), (2.8)
where the wave function of each electron ϕi depends on its position r⃗i and its
spin state σi.

The main drawback of this formulation is its disregarding of the exchange
interaction between electrons. To account for the exchange interaction, the wave
function needs to be anti-symmetric under the exchange of the two electrons. To
fulfill this condition, a more adequate formulation would be:

ΨN (r⃗1σ1, r⃗2σ2) = 1√
2
[︂
ϕ1(r⃗1, σ1)ϕ2(r⃗2, σ2) − ϕ1(r⃗2, σ2)ϕ2(r⃗1, σ1)

]︂
, (2.9)

or in matrix representation:

ΨN (r⃗1σ1, r⃗2σ2) = 1√
2

⃓⃓⃓⃓
⃓ϕ1(r⃗1, σ1) ϕ2(r⃗1, σ1)
ϕ1(r⃗2, σ2) ϕ2(r⃗2, σ2)

⃓⃓⃓⃓
⃓ .

This formulation for the general case of N electrons is known as single Slater
determinant:

ΨN (r⃗1σ1, ..., r⃗NσN) = 1√
N !

⃓⃓⃓⃓
⃓⃓⃓⃓
⃓⃓⃓⃓
ϕ1(r⃗1, σ1) · · · ϕN(r⃗1, σ1)

· · ·
· · ·
· · ·

ϕ1(r⃗N , σN) · · · ϕN(r⃗N , σN)

⃓⃓⃓⃓
⃓⃓⃓⃓
⃓⃓⃓⃓ ,

where if the electrons i and j with the same spin (σi = σj) occupy the same point
of the space (r⃗i = r⃗j), the ith and jth rows of the determinant will be identical,
vanishing the wave function.

Using the Slater representation of the wave function in the Schrödinger equa-
tion leads to the Hartree-Fock (HF) equations:

−ℏ2∇2

2me

ϕi (r⃗, σ) +
[︂∑︂

σ′

∫︂
dr⃗ ′ V HF

eff (r⃗σ, r⃗ ′σ′)
]︂
ϕi (r⃗ ′, σ′) = εiϕi (r⃗, σ) , (2.10)

where V HF
eff (r⃗) is the effective (HF) potential:
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V HF
eff (r⃗σ, r⃗ ′σ′) = δσ,σ′δ (r⃗ ′ − r⃗)

[︂
Vion (r⃗) + VH (r⃗)

]︂
+ Vx (r⃗σ, r⃗ ′σ′) . (2.11)

The three terms that constitute the HF potential are the potential created by the
nuclei Vion (r⃗), the Hartree potential created by the rest of electrons VH (r⃗), and
the exchange potential Vx (r⃗):

Vion (r⃗) = −
Natm∑︂
α=1

e2Zα

|R⃗α − r⃗|
, (2.12)

VH (r⃗) = −e2
∫︂

dr⃗ ′∑︂
σ′

N∑︂
j ̸=i

|ϕj (r⃗ ′, σ′) |2

|r⃗ ′ − r⃗|
, (2.13)

Vx (r⃗σ, r⃗ ′σ′) = −e2
N∑︂

j=1

ϕi (r⃗, σ) ϕ∗
j (r⃗ ′, σ′)

|r⃗ ′ − r⃗|
. (2.14)

The main asset of the HF method is the exact treatment of the exchange in-
teraction, but on the other hand, the correlation between electrons is completely
neglected. Different formulations beyond HF are commonly used to include the
correlation energy in the calculation. An extended option for example is to apply
perturbation theory (Møller-Plesset)48 to the electron-electron interaction. An-
other option is the so-called configuration interaction that applies the variational
method, using a combination of Slater determinants as wave function to include
unoccupied orbitals in the calculation. Nevertheless, this implementations be-
yond HF can become computationally very expensive for large systems.

2.2 Density functional theory
Condensed matter physics usually deals with systems too large to be treated with
above mentioned methods based on HF. A common alternative are the methods
based on the electronic density of the systems, offering a good balance between
accuracy and computational cost.

2.2.1 Hohenberg–Kohn theorem
The density functional theory (DFT) relies on the Hohenberg–Kohn (HK) theo-
rems49 for a system of electrons under an external potential vext.

The first HK theorem states that the ground state wave function of the system
Ψ is an unique functional of the electronic density ρ(r⃗) :

Ψ = Ψ[ρ(r⃗)], (2.15)
and consequently, so it is the energy of the system:

E[ρ(r⃗)] =
∫︂

dr⃗ρ(r⃗)vext(r⃗) + F [ρ(r⃗)], (2.16)

where the energy functional F [ρ(r⃗)] gathers the kinetic T and the electron-
electron interaction Vee:
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F [ρ(r⃗)] = ⟨Ψ[ρ(r⃗)]|T + Vee|Ψ[ρ(r⃗)]⟩. (2.17)
The second theorem introduces the variational principle to the energy density

functional. It establishes that the ground state energy is given by the minimum
of the energy density functional and that this minimum is only reached for the
ground state electronic density.

The HK theorem allows to reduce the dimension of the problem from the
original 3N spatial coordinates of the N electrons, to the the 3 spatial coordinates
in which the density is defined. It also enables to find the ground state electronic
density ρ(r⃗) and consequently the wave functions of the system minimizing the
energy functional E[(ρ(r⃗))].

Although the great level of simplification could suggest a similar loose in the
rigorousness of the theory, is important to highlight that the treatment of the
problem has been exact up to now. For its practical application however, certain
parts of the functional F [ρ(r⃗)] are very difficult or directly impossible to express
analytically. The exchange part of the electron interaction and the correlation
part of the kinetic energy need to be separated and empirically characterized.
The most commonly used approximations are commented in the section 2.2.3,
after introducing the practical application of DFT by means of the Kohn-Sham
equations.

2.2.2 Kohn-Sham equations
The practical solution of the problem is not usually found minimizing the energy
functional, as the Hohenberg–Kohn theorem proposes, but through the Kohn-
Sham (KS) equations. This method defines a non-interacting single-particle sys-
tem, known as KS system, that has the same electronic density as the original
system, under an external potential V KS

eff :{︃
− ℏ2∇2

2m
+ V KS

eff [ρ(r⃗)]
}︃

ξi (r⃗) = εiξi (r⃗) , (2.18)

where ξi are single-particle wave functions of the non-interacting system, and the
ground state density of the system will be:

ρKS(r⃗) =
N∑︂

i=1
|ξi (r⃗) |2. (2.19)

For the electronic density of the KS system (ρKS) to match the density of
the original system, the potential V KS

eff should resemble the interaction between
particles of the original system:

V KS
eff [ρ(r⃗)] = Vion (r⃗) + VH [ρ (r⃗)] + Vxc [ρ (r⃗)] , (2.20)

where Vion is the potential created by the nuclei, VH is the potential created by
the electrons:

VH [n (r⃗)] = 1
2e2

∫︂
dr⃗ ′ ρ(r⃗)

|r⃗ − r⃗ ′|
, (2.21)

and Vxc is the so-called exchange and correlation (XC) potential:
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Vxc [ρ(r⃗)] = δExc [ρ(r⃗)]
δρ (r⃗) , (2.22)

where the exchange and correlation energy (Exc) contains the many-body interac-
tions that are not included analytically in the total energy, the exchange and the
correlation energy. The correlation can be seen as the effect that the interaction
between electrons has in the kinetic energy and the exchange corresponds to the
repulsion between electrons with alike spin.

Because the V KS
eff is a functional of ρ(r⃗), that is calculated from the set of wave

functions {ξi (r⃗)}, the KS problem need to be solved self-consistently. The process
starts with a guessed initial solution {ξin

i (r⃗)} and the corresponding density ρin(r⃗)
associated to it. Then, the KS equation is solved using V KS

eff [ρin(r⃗)], obtaining the
solution wave functions {ξout

i (r⃗)} and its corresponding density ρout(r⃗). This cycle
is repeated, as schematized in the flow-chart in Figure 2.1, until the convergence
between ρin(r⃗) and ρout(r⃗) under a certain tolerance ζtol is reached.

Initial guess
ρin (r⃗) = ∑︁N

i=1 |ξin
i (r⃗) |2

V KS
eff [ρ (r⃗)] = Vion (r⃗) + VH [ρin (r⃗)] + Vxc [ρin (r⃗)]

Solve the KS equation{︂
− ℏ2∇2

2m
+ V KS

eff [ρin (r⃗)]
}︂
ξout

i (r⃗) = εiξ
out
i (r⃗)

Calculate output density
ρout (r⃗) = ∑︁N

i=1 |ξout
i (r⃗) |2

Is |ρout
0 (r⃗) − ρin

0 (r⃗) | < ζtol ? ρout
0 (r⃗) −→ ρin

0 (r⃗)

Done!

yes

no

Figure 2.1: Flow diagram of the self-consistent solution strategy of the KS equa-
tions. The potential of the system is calculated from an initial guess of the elec-
tronic structure of the system. Then, the KS equations are solved and the solution
is used as a new initial guess until the convergence is reached.
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2.2.3 Exchange-correlation approximation method
The only thing yet to be done to solve the KS equations is to define the exchange
and correlation energies. These components of the energy are usually described
together by means of an exchange and correlation (XC) approximated functional.

The simpler of these potentials is the local density approximation (LDA).50

This potential uses the XC energy per particle (eHEG
xc {ρ(r⃗)}) of an homogeneous

electron gas (HEG) with the same electronic density as the KS system ρ(r⃗) to
calculate the Exc of the system:

ELDA
xc [ρ(r⃗)] =

∫︂
dr⃗ ρ(r⃗) eHEG

xc {ρ(r⃗)}. (2.23)

While analytical forms of the exchange energy of the HEG can be used, the
correlation needs to be obtained, for example, from the results of Monte Carlo
calculations. Because ELDA

xc [ρ(r⃗)] depends only on local values of eHEG
xc {ρ(r⃗)},

this approximation is specially adequate for homogeneous crystals and systems
without abrupt changes in the density.

For the case of systems with higher inhomogeneity, such as molecules or de-
fected systems, the general gradient approximation (GGA)51–53 offers estimations
of higher precision. The XC energy in this case is calculated from certain func-
tions depending not only on the local value of the density of the system (ρ(r⃗)),
but also on its gradient (∇ρ(r⃗)):

EGGA
xc [n] =

∫︂
dr⃗ F{ρ(r⃗), ∇ρ(r⃗)}, (2.24)

where the shape of the function F{ρ(r⃗), ∇ρ(r⃗)} will differ depending on the
definition of the GGA potential.

Another family of functionals that offer an ever more precise description of the
exchange energy are the so-called hybrid potentials. This option uses a mixture
of the XC correlation energy calculated with an empirical potential and the exact
exchange energy calculated with Hartree-Fock methods.54,55

2.2.4 Dispersion interaction
One last important aspect to comment in the context of DFT calculations is the
inability of the above mentioned XC potentials to describe dispersion forces. The
dispersion forces are a consequence of the instantaneous polarization of the elec-
tronic density in a given region of the space as a response to electronic fluctuations
in another point of the space.

The usual XC potential does not consider instantaneous electronic fluctua-
tions or non-local correlation, therefore additional terms are needed to consider
the dispersion interaction. This section describes the most popular options, de-
pending on their level of complexity.

The most common solution is adding a pairwise dispersion energy term to the
total energy after the KS calculation:

Edisp. = −1
2

Natm∑︂
α

Natm∑︂
β

(︄
fn(Rαβ) σn,αβ

(Rαβ)n

)︄
; n = 6, 8, ... (2.25)
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where the damping function fn(Rαβ) prevents the interaction to diverge for short
distances and Rαβ is the distance between the αth and βth atoms. The first term
(n = 6) that decays with 1/R6

αβ usually dominates the interaction, but higher
order terms are occasionally included as well.

The simpler way to obtain the coefficients σn,αβ is using tabulated values, this
is known as dispersion corrected DFT (DFT-D) methods. The main flaw of using
tabulated values is that it considers the dispersion interaction to be independent
of the chemical state of the involved atoms. The polarizability of the electron
cloud of an atom can be affected by its oxidation state or the presence of other
atoms and is not necessarily isotropic.

Different approaches are available to reflect the effect of the structure of the
system in the dispersion energy. The DFT-D3 formulation of Grimme et al.56

for example counts the number of near neighbours of each atom to modify the
values of σn,αβ according to the expected changes in the polarizability. Also in
2009 a method considering the electronic structure of the system was proposed by
Alexandre Tkatchenko and Matthias Scheffler.57 This method divides the space,
assigning a certain volume to each core to determine the charge that "belongs"
to each atom. This density is then compared with the atomic charge of the free
atoms, and this ratio is used to scale the values of the σn,αβ coefficients.

More complex treatments are also available for the treatment of the dispersion
interaction. For example, the inclusion of non-local correlation terms to the XC
potential58 or a many-body treatment of the coupling between atomic dipoles.59

This chapter intends to provide a brief introduction to the DFT and the
quantum treatment of atomic assemblies for the less familiar readers. A far more
detailed description of the aspects discussed here can be found in the litera-
ture.22,23,60
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3. Quantum mechanics/
molecular mechanics in molecular
dynamics calculations
The molecular dynamics (MD) methods are a computational approach to describe
the time evolution of atomic systems. For the case of large systems which partition
function can not be treated analytically, MD solves numerically the equations of
motion of the particles that conform the system to obtain its average properties.

The Verlet algorithm61 proposes a simple but effective method to solve the
equations of motion, expanding the position and velocity of the particles of the
system at a given time t + ∆t in Taylor series:24

ri(t + ∆t) = ri(t) + vi(t)∆t + ∆t2

2mi

Fi(t), (3.1)

vi(t + ∆t) = vi(t) + ∆t

2mi

[Fi(t) + Fi(t + ∆t)], (3.2)

where ri and vi are the position and velocity of the ith particle with mass mi

subjected to a force Fi. The Verlet algorithm consist on the recurrent solution of
these equations, after choosing a set of initial conditions and an adequate time
step ∆t.

The procedure starts with a set of guessed initial positions ri(t = t0), velocities
vi(t = t0) and forces Fi(t = t0), used to obtain ri(t + ∆t) with the equation 3.1.
Subsequently, the forces that affect the particles Fi(t + ∆t) are calculated and
the new velocities of the particles are obtained using the equation 3.2. Then, the
time is updated (t = t + ∆t) and the process is repeated.

After repeating the algorithm a sufficient number of times and assuming the
ergodicity of the system, the average value A of a given property of the system
a(t) can be obtained from the time average:

A = ⟨a⟩ = 1
Nτ

Nτ∑︂
n=1

a(t0 + n∆t). (3.3)

3.1 Calculation of the forces
In the previous section, the procedure to calculate the forces that affect the parti-
cles Fi(t+∆t) was left unspecified. In this thesis the so called QM/MM (quantum
mechanic/molecular mechanic) method62,63 is used to describe the interaction be-
tween particles. This method describes the main regions of the system, where the
chemical reactions occurs, with a quantum formalism and the surrounding areas
using classical mechanics.

Empirical force fields provide a fast and reliable method to calculate the in-
teraction forces between particles, but fails in the description of covalent bond
formation and other charge density related effects. For the case of chemical reac-
tions for example, where bonds are broken or created, quantum mechanic methods
need to be used.
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3.1.1 Classical forces
The classical treatment considers the particles under certain empirical potentials
that decribe different aspects of the interaction:64

V =
∑︂

ij bonded

Kr,ij(rij − r0,ij)2 +
∑︂

ijk bonded

Kθ,ijk(θijk − θ0,ijk)2+

∑︂
ijkl bonded

1
2Kϕ,ijkl[1 + cos(nϕijkl − ϕ0,ijkl)]+

1
4πε0εr

∑︂
ij non−bonded

QiQj

rij

+
∑︂

ij non−bonded

Vij

[︃(︃
σij

rij

)︃12
− 2

(︃
σij

rij

)︃6]︃
,

(3.4)

where the first three terms of the right hand side sum over all the covalently
bonded groups of atoms and the last two terms over pairs of atoms with no
chemical bond between them.

The first term controls the bond length rij between the ith and jth atom to
keep it similar to the empiric value r0,ij with an harmonic potential which stiffness
is given by the constant Kr,ij. The second term controls the angle θijk between
the bonds that link the ith with the jth atom and the jth with the kth atom, where
the θ0,ijk is the empirical value and Kθ,ijk an empirical constant. The third term
controls the dihedral angle ϕijkl between the plane described by the atoms i, j
and k and the one defined by the atoms j, k and l, as illustrated in Figure 3.1.
This term uses a cosine with multiplicity n that minimizes this component of
the energy for ϕijkl = ϕ0,ijkl/n and a constant Kϕ,ijkl that sets the rigidity of this
condition.

Figure 3.1: Scheme of the definition of the distance rij and the angles θijk and
ϕijkl in equation 3.4

The fourth term is the coulomb interaction between the empirical charges Qi

and Qj assigned to the ith and jth atoms and the last term is a Lennard-Jones
(LJ) potential that describe the dispersion and Pauli interaction between not
bonded atoms with σij the position of the interaction minima (Vij), as depicted
in Figure 1.3.

3.1.2 Quantum forces
The formalism used in the present thesis for the description of the quantum region
is the density functional theory (DFT) (see chapter 2). First, the ground state
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energy of the quantum region E0
DF T is calculated for a given set of coordinates

at a time t. Then, the force that affect the nuclei of the atoms can be obtained
from the calculated energy with the Hellman-Feynman theorem:65

Fα = ∂

∂Rα

E0
DF T (Rα) = ∂

∂Rα

⟨Ψ0|H|Ψ0⟩, (3.5)

where Fα will be the force that affect the αth atom in the position Rα. A more
detailed derivation of this theorem can be found in the literature.23

3.1.3 QM/MM forces
When a system is described with the QM/MM method, the system is divided in
two regions. The most important parts of the system are described with quantum
methods and the remaining areas of the system are described with empirical force
fields. Then, for the two regions to not be isolated from each other, the interaction
between atoms of different regions need to be take into account.

To introduce the effect of the MM region into the QM region and vice versa,
three basic interaction terms should be added to the Hamiltonians.66 First, the in-
teraction between the empirical charges and the DFT described electronic clouds
is included with the term:

H
QM/MM
e−e =

∑︂
k,α,β

Qk

∫︂ ϕα(r⃗ − R⃗α)ϕβ(r⃗ − R⃗β)
|r⃗ − R⃗k|

dr⃗, (3.6)

where Qk is the empirical charge of a classically described atom at position Rk,
and ϕα and ϕβ are two atomic orbitals at positions R⃗α and R⃗β.

The interaction between the empirical charge Qk and the nuclei of the γth

quantum described atom is:

HQk,γ = e2QkZγ

|R⃗k − R⃗γ|
, (3.7)

where Zγ is the atomic number of the γth atom at position R⃗γ.
To conclude the connection between the QM and MM regions, the dispersion

and Pauli interaction between the kth classic atom and the γth quantum described
atom is given a the Lennard-Jones (LJ) potential:

HLJ
k,γ = Vk,γ

⎡⎣(︄ σij

rk,γ

)︄12

− 2
(︄

σij

rk,γ

)︄6
⎤⎦, (3.8)

where rk,γ is the distance between the kth and γth atoms of the QM and MM
regions respectively.

3.2 Inclusion of temperature
In the present thesis, the molecular dynamics simulations are done within the
frame of the canonical ensemble with the temperature included in the calculation
by the Langevin thermostat24 that ads an additional term to the particle’s energy:
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F temp
i = −γmivi +

√︂
2miγkBTη(t). (3.9)

The constant γ is the frequency of collision between particles, T is the tem-
perature, kB is the Bolztman’s constant and η(t) is a distribution of uncorrelated
variables that randomize the spread of instantaneous thermal energy among the
particles. The inclusion of the temperature of the system in the calculation takes
in consideration the effect of entropy, allowing to analyze the free energy land-
scape of the conformational space instead of the potential energy surfaces:

F = U − TS, (3.10)
where F is the Helmholtz free energy, U is the potential energy and S is the
entropy of the system.

Using this method we can include the effects of the thermal energy in the
dynamics of the system. According to the virial theorem, the average thermal
energy of an equilibrium system is kBT . Nevertheless, the instantaneous energy of
each vibrational mode fluctuates with time. This means that a certain mode can
eventually gather enough energy to overcome a barrier of energy higher than the
mean thermal energy ⟨E⟩ = kBT in its direction of vibration in the conformational
space.
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4. Origin of sharp contrast in
scanning probe microscopy
Sharp features in SPM are usually considered as a direct visualization of atomic
bonds in the sample. In AFM/IETS experiments, the charge that accumulates
between covalently bonded atoms of the sample interacts repulsively with the tip
at close distances, causing the lateral relaxation of the probe. For the case of
intermolecular features, the direct relation between the non-covalent interactions
among atoms in the sample and the contrast in the images is still under debate.

With the aim of clarify this controversy, this work presents a theoretical anal-
ysis of the interaction between halogen-substituted benzene molecules (C6Br6
and C6F6) forming supramolecular assemblies on a silver [110] substrate. The
relation between the tip-sample interaction and contrast in AFM/IETS images
is also investigated, with the objective of understanding the origin of the sharp
edges in the images.

The analyzed C6Br6 and C6F6 molecular clusters are found to interact with a
combination of dispersive and electrostatic forces. Also the saddle points in the
potential energy surfaces of the sample are demonstrated to be the source of the
sharp edges in the AFM/IETS images, in accordance with previous works.15,47

Then, to conclude this project, the origin of saddle points in the potential energy
is discussed.

4.1 σ-hole and halogen bonding
Before we start the characterization of the interaction between halogen-benzene
molecules, is worthy to introduce briefly the concept of σ-hole and halogen bond.
A more detailed description of these can be found in the literature.67 This concept
will be necessary as well in chapter 5, where the direct visualization of the σ-hole
is treated.

The concept of σ-hole was first introduced by Politzer et al.68,69, Murray et
al.70,71 and Clark et al.72 to explain the, until then counter-intuitive, attractive
intermolecular interaction between halogen terminated molecules. Their work
theorize that the electron density of an halogen atom bonded to a more elec-
tronegative atom, a carbon for example, is not uniformly distributed around the
atom. The elements from the halogen column of the periodic table are charac-
terized for having 5 p in the valence band. Then, because sp hybridization is
negligible in halogen atoms, one of the p electrons will form the covalent bond
with the other atom and the remaining 4 electrons will form a belt around the
halogen atom. This particular configuration, as depicted in Figure 4.1a, leaves
exposed the inner electrons of the halogen atom in the region opposite to the
covalent atom, creating a positive crown surrounded by a negative belt (see Fig-
ure 4.1b). This exposed positive part is the so called σ-hole and its magnitude
grows with the atomic number of the halogen atom, or in more precise words its
magnitude enhances as the halogen atom is less electronegative.

An halogen bond is defined as the interaction between the σ-hole of an halo-
gen atom and the negative belt of another halogen atom (see Figure 4.1c). This
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Figure 4.1: Graphical definitions of σ-hole and halogen bond. (A) Scheme of
the configuration of the 5 p valence orbitals of an halogen atom (in blue) when
is covalently bonded to a more electronegative atom, for example a carbon (in
red). (B) Hartree potential of a methyl bromide molecule (CH3Br) projected on
a isosurface of charge density to illustrate the concept of σ-hole (blue area labeled
with ρ+). (C) Scheme of an ideal halogen bond between two (CH3Br) molecules.
The positive area of the right molecule interacts with the negative belt of the left
molecule with a perfect relative orientation of 90o.

interaction is attributed to be an interplay between electrostatic force and disper-
sion interaction. The role of the dispersion energy is enhanced by the anisotropic
decrease of charge density known as polar flattering. This deflection of charge
density in the area of the σ-hole in the halogen atom leads to a reduction of the
Pauli interaction in this direction. This weakening of the Pauli repulsion allow
the halogen atoms to get closer than the sum of their van der Waals radii, leading
to stronger dispersion interactions.

4.2 Bond identification with SPM
In high-resolution SPM, the atomic structure of organic molecules is usually well
reproduced by the sharp edges and bright spots observed in the images. Never-
theless, certain features in the contrast are usually observed in the areas between
molecules, where the weak intermolecular interaction are predominant. The cor-
rect interpretation of these sharp edges in the SPM images in both inter- and
intramolecular areas is only possible under a proper understanding of the physics
that rule the imaging process.

At close tip-sample distances, the Pauli repulsion provokes the lateral relax-
ation of the probe15 inducing sudden shifts in the recorded signal, providing
submolecular spatial resolution. This is in concordance with the blunt images
observed at far distances, where the weak interaction only cause negligible probe
bending. In this context, the relation between a covalent bond and the con-
trast observed in the images is straightforward and widely accepted. The Pauli
repulsion between the bond charge and the probe is the direct source of the
observed contrast. On the other hand, the intermolecular sharp edges were some-
times understood as a direct consequence of non-covalent bonds,73,74 while other
authors15,17,75 had reported sharp edges between unbounded atoms, leaving the
discussion open.
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4.3 Nature of binding in planar halogenbenzene
assemblies and their possible visualization
in scanning probe microscopy

With this work, we aim to contribute to the discussion about the SPM con-
trast and the weak intermolecular interactions. For this, we have analyzed the
behaviour of C6Br6 and C6F6 molecules deposited on a silver [110] substrate.
Then, using the probe particle (PP) model,15 we examined the SPM imaging
mechanism using a CO decorated tip.

In order to confirm the validity of the used model to describe the tip-sample
interaction, we compared the theoretical results with the experimental results
obtained by the group of Wilson Ho.73

4.3.1 Intermolecular interaction
We start the analysis of the intermolecular interactions looking at the electrostatic
potential surfaces (EPS). We found that, while a significant σ-hole terminates the
brominated molecule, the fluorine atoms in C6F6 are surrounded by an homoge-
neous distribution of negative charge. Then, we also analyzed the interaction
energy between different configurations of two molecules for both the C6F6 and
the C6Br6 compounds. Remarkably, we found the dispersion energy to be around
three times larger than the electrostatic energy in the case of C6Br6. This difer-
ence is even larger in the case of C6F6, where the electrostatic interaction is an
order of magnitude smaller than the dispersion energy. From the geometrical
point of view, we found the halogen-halogen distances to be larger than twice
the sum of their van der Waals radii. Also, the the angles between the atoms
are far from the 90◦ expected from a ideal halogen bond (see Figure 4.1). Lately,
analyzing the charge distribution between the molecules, we found no significant
charge that could suggest covalent bonding between them.

Putting these arguments together, the interaction between C6Br6 molecules
consist of an interplay between dispersive and electrostatic forces, while in the
case of C6F6 is mostly dispersion interaction, with no role of charge transference
in any case.

4.3.2 Origin of the SPM contrast
In the second part of this work, we simulated AFM and IETS images of the
C6Br6 and C6F6 planar clusters. We carried out SPM simulations using the PP
model15,46 and we compared the results with the experimental work published by
the group of Wilson Ho,73 to confirm the validity of the model.

In the obtained AFM and IETS images, we observe several intermolecular
features between the molecules in both C6Br6 and C6F6 molecular clusters, always
in areas of large lateral relaxation of the flexible probe. The question is then, why
the sharp edges appear in the intermolecular areas, or equivalently, what is the
reason for this lateral probe deflection.

The absence of charge accumulation, due to covalent bonding, between the
halogens discards the possibility of a Pauli repulsion between the tip and the
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bond charge. We have also ruled out the implication of the electrostatic interac-
tion between the tip and the σ-hole. For this, we have repeated the calculation
neglecting the electrostatic tip-sample interaction, obtaining similar results.

We found the sharp edges to appear in saddle points of the potential energy
surface of the sample, where the tip suddenly slide laterally to minimize its energy,
causing sharp shifts in the recorded signal. This is in concordance with the results
of Pavliček et al.47 where they found similar features between atoms without any
expected direct bond between them. Hence, we concluded that the origin of the
sharp edges is just the mere presence of the halogen atoms close to each other.
This is exemplified in Figure 4.2, where the CO molecule that terminates the tip
slides laterally over the saddle point.

Figure 4.2: Schematic view of the probe relaxation over a saddle point in the
potential surface of the a C6Br6 dimer.

As a summary of all the conclusions of this work, the main differences between
covalent and non-covalent bonds and their SPM imaging mechanism should be
remarked.

A covalent bond consist in the re-hybridization of the electronic states of the
implicated atoms, creating a charge localization along the line that connects both
atoms. The Pauli repulsion between the electrons of the tip and the bond charge
creates a saddle point in the energy surface where the flexible probe will bend
laterally and give rise to sharp edges. So in this case the relation between the
localized charge that forms the bond and the narrow feature observed in the
images is straightforward.

In the case of non-covalent interactions the saddle points in the potential en-
ergy are a consequence of the mere presence of two atoms very close to each other
and not of the interactions between them. Also, the dispersion and electrostatic
interactions have a non-local character that is difficult to relate with a directional
observation such a sharp edge in the SPM contrast.

Hence, we consider that the covalent bonds can be directly visualized, because
the signal recorded arises from the direct interaction between the tip and the
charge that forms the bond. On the other hand, non-local bonds could not be
related with a narrow feature on the recorded images and hence, these should not
be identified as visualization of weak non-covalent bonds.
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5. KPFM probe particle model
5.1 Introduction
The Kelvin probe force microscopy (KPFM) technique was introduced earlier in
chapter 1 as an SPM technique capable to measure the relative work function
of metallic surfaces. The section 1.3 describes the theoretical foundation of the
tip-sample interaction in a KPFM experiment at macroscopic distances. The
maximal point (VCP D) of the parabola described by the frequency shift vs the
external bias (∆f(V )) is determined by the difference between the work function
of the tip and sample (Φt and Φs). However, at close tip-sample distances, an
additional interaction mechanism enters in play, giving rise to local changes in
the value of the contact potential difference (VCP D). These local changes in the
∆f(V ) parabola can be recorded across the sample, obtaining KPFM images
mapping the values of VCP D.

The spatial resolution down to atomic scale with KPFM at close distances
has been repeatedly achieved experimentally,76–78 but its theoretical background
is still being understood. The work function is a macroscopic characteristic of
the surfaces, and should be hence independent of the tip-sample relative posi-
tion. Consequently, the molecular resolution accomplish experimentally at close
distances should have a different source.

This chapter details the model developed by the author of this thesis to compu-
tationally simulate KPFM experiments. This model is based on the electrostatic
interaction between localized charges and bias-induced dipoles in the tip-sample
junction. Then, we present a combined effort of experiments and computational
simulations to obtain direct KPFM images of the σ-hole of halogenated molecules
absorbed on a metallic substrate.

5.2 Theoretical background of the KPFM probe
particle model

This section explains the interaction forces that arise when the tip is brought
close to the sample and a potential difference is applied between them. Then,
the relation between the KPFM forces (FKP F M) and the frequency shift (∆f) is
described as a function of the external bias (V ).

5.2.1 Description of the tip-sample interaction force
First, we separate the bias dependent forces in two terms, the short range (SR)
and long range (LR) terms:

FKP F M = F SR
KP F M(V, r⃗tip) + F LR

KP F M(V, ztip), (5.1)
where both terms depends on the external bias V . We should note here that, while
the microscopic term FSR(V, r⃗tip) depends on the tip-sample relative position r⃗tip,
the macroscopic term FLR(V, ztip) depends only on the tip-sample vertical distance
ztip.
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In the simplest approximation, we could describe the LR interaction term as
the force that acts between the plates of a capacitor:

F LR
KP F M(V, ztip) = 1

2
∂ C (ztip)

∂ztip

(V − VCP D)2 , (5.2)

where C (ztip) is the capacitance of the tip-sample junction and VCP D is the
contact potential difference:

VCP D = Φt − Φs, (5.3)

where Φt and Φs are the work functions of the tip and sample respectively. The
FLR force is always attractive, and gives the ∆f(V ) parabola, its characteristic
quadratic dependence, as depicted in Figure 1.6.

At close tip-sample distances, the electrostatic interactions between the probe
apex and the atoms of the sample immediately below the tip intensifies. This
interaction can be described using the Coulomb’s interaction between the net
charges of tip (ρt) and sample (ρs), under the applied external potential V :

FEl(r⃗, V ) =
∫︂ ∫︂ ρt(r⃗, V )ρs(r⃗ ′, V )

|r⃗ + r⃗tip − r⃗ ′|2
dr⃗ dr⃗ ′, (5.4)

where r⃗tip is the relative position of the tip with respect to the sample and where
r⃗ and r⃗ ′ are tridimensional integration variables. To understand the implications
of considering the tip and sample under the external applied bias it is illustrative
to separate their charge densities in two terms:

ρt/s(r⃗, V ) = ρ0
t/s(r⃗) + δρt/s(r⃗, V ), (5.5)

where ρ0
t/s(r⃗) is the intrinsic net charge, i.e. the charge in the absence of external

potential and δρt/s(r⃗, V ) is the polarization induced by the electric field created
by the external bias voltage. We should note here that our model considers only
the polarization due to the electric field induced by the applied bias. This means
that for example, polarizations induced in the tip or the sample by the presence
of each other are neglected. Using the charge density description from equation
5.5 in the equation 5.4, the FEl(r⃗, V ) separates in four terms:

FEl(r⃗, V ) =
∫︂ ∫︂ ρ0

t (r⃗)ρ0
s(r⃗ ′)

|r⃗ + r⃗tip − r⃗ ′|2
+
∫︂ ∫︂ δρt(r⃗, V )ρ0

s(r⃗ ′)
|r⃗ + r⃗tip − r⃗ ′|2

+
∫︂ ∫︂ ρ0

t (r⃗)δρs(r⃗ ′, V )
|r⃗ + r⃗tip − r⃗ ′|2

+
∫︂ ∫︂ δρt(r⃗, V )δρs(r⃗ ′, V )

|r⃗ + r⃗tip − r⃗ ′|2
.

(5.6)

The first term in the right-hand side of equation 5.6 is the interaction between
the intrinsic charges of tip and sample, this will be the only term of the electro-
static interaction for V = 0. The second term describes the interaction between
the intrinsic charges of the sample ρ0

s(r⃗ ′) and the dipoles induced in the tip by
the bias δρt(r⃗, V ). Similarly, the third term accounts for the interaction between
the intrinsic charges of the tip ρ0

t (r⃗) and the dipoles induced in the sample by
the external bias δρs(r⃗ ′, V ). The fourth and last term is the interaction between
the dipoles induced by the external bias in both the tip (δρt(r⃗, V )) and sample
(δρs(r⃗ ′, V )). In the proposed model, we will suppose the polarizations (δρ) to be
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much smaller than the intrinsic charges (ρ0), so this last term is neglected in the
further discussion.

To analyze the bias dependence of the FEl(r⃗, V ), we should note that the
first term is independent of the external potential and will not affect the bias
dependence of the ∆f(V ) parabola. Then, as the last term was neglected, the
bias-dependent, short range interaction between the tip and sample will be de-
scribed by the two remaining terms:

F SR
KP F M(r⃗, V ) =

∫︂ ∫︂ δρt(r⃗, V )ρ0
s(r⃗ ′)

|r⃗ + r⃗tip − r⃗ ′|2
+
∫︂ ∫︂ ρ0

t (r⃗)δρs(r⃗ ′, V )
|r⃗ + r⃗tip − r⃗ ′|2

, (5.7)

where we will suppose the polarizability of tip and sample constant within the
range of induced electric fields. Hence, the induced dipoles (δρ) and consequently
F SR

KP F M will depend linearly with the external bias that induce the electric field.
The two terms in equation 5.7 will affect the ∆f(V ) parabola, changing the

position of its maximal point. Since the values of VCP D at close tip-sample dis-
tances will depend on the tip-sample relative position (r⃗tip), the more adequate
notation VLCP D will be used, where LCPD stands for local contact potential
difference.

5.2.2 Effect of the short range KPFM forces in the fre-
quency shift

To visualize the effect of F SR
KP F M in the frequency shift ∆f , their relation can be

expressed in a rather approximated but intuitive way:79

∆f(V ) ≃ − f0

2k

∂

∂z
F SR

KP F M(r⃗, V ), (5.8)

where f0 and k are the eigen-frequency of oscillation and the stiffness of the
cantilever. To illustrate the correspondence between the interaction force and
the frequency shift, lets apply, as an example, the relation in equation 5.8 to the
repulsive and attractive components of a Lennard-Jones (LJ) potential:

• A repulsive force such as F LJ
P auli:

F LJ
P auli ∝ 1

z13 ⇒ ∂

∂z
F LJ

P auli ∝ − 1
z14 ⇒ ∆f ∝ 1

z14 > 0 (5.9)

will cause a positive shift in the frequency.

• An atractive force such as F LJ
Disp.:

F LJ
Disp. ∝ − 1

z7 ⇒ ∂

∂z
F LJ

Disp. ∝ 1
z8 ⇒ ∆f ∝ − 1

z8 < 0 (5.10)

will cause a negative shift in the frequency.

Then according to equation 5.8, repulsive interactions will result in positive shifts
of the frequency ∆f and attractive interactions in negative shifts of the frequency
∆f , as schematized in Figure 5.1A.

Because the signs of δρt and δρs are determined by the sign of the applied
bias V , the two components of F SR

KP F M could be either attractive for V < 0 and
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repulsive for V > 0 or vice versa. Consequently, observing the scheme in Figure
5.1B, we obtain our first rule of thumb to relate the interaction force and the
frequency shift:

• The interactions that get more repulsive with bias will shift VLCP D to the
right (towards positive values).

• The interactions that get more attractive with bias will shift VLCP D to the
left (towards negative values).

Because the sign of the induced dipole (δρ) is considered independent of the tip
relative position r⃗tip,the spatial dependence of ∆f(V ) should be determined by
the sign of the intrinsic charges of tip and sample (ρ0

t and ρ0
s).

Figure 5.1: Scheme of the correspondence between tip-sample interaction forces
and the frequency shift induced in the tip. The attractive and repulsive additional
electrostatic forces (dashed blue and red lines respectively) in the left plot in panel
(A) will shift the force profile (black solid line) to the blue and red solid lines re-
spectively. According to equation 5.8 these changes in the total interaction force
will switch the frequency shift spectroscopy towards lower or higher values respec-
tively (right plot in panel A). (B) The characteristic linear dependence of the
additional electrostatic forces with the external potential (violet dashed line in the
central plot in panel B) will induce shifts on the long range ∆f(V ) parabola (left
plot in panel B). These shifts will be towards the right (if the repulsive character
of the force increases with bias) or to the left (in the case of increasingly attractive
forces). The combination of F SR

KP F M and F LR
KP F M give rise to the ∆f(V ) parabolas

depicted in cyan, which maximal is at VLCP D.

32



Then, we should now apply this rule to the two terms of F SR
KP F M for the case

of positive and negative intrinsic charges on the tip and the sample (ρ0
t and ρ0

s)
and observe their effect in the VLCP D. For this it will be useful to first set the sign
of the induced dipoles on tip (δρt) and sample (δρs) for a positive and negative
applied bias (V ).

The most common wiring of a KPFM experimental system is with the ground
set on the tip, so the external bias is applied to the sample. This means that the
electric field in the junction points towards the sample for V < 0 and towards
the tip for V > 0. Then, a dipole created on the tip will orient with the positive
part towards the sample for negative bias and with the negative part for positive
bias, as it is schematized in Figure 5.2. Under the same logic, a dipole created on
the sample by a negative external bias will align with its negative part towards
the tip and with its positive part for the case of positive external bias.

Figure 5.2: Scheme of the dipoles induced in the tip-sample junction by an
external potential in the case of (A) negative bias and (B) positive bias for the
case of a KPFM system with the ground set on the tip.

Now that the sign of the induced dipoles is established, we can analyze the
behaviour of the two terms of F SR

KP F M (equation 5.7) for both positive and negative
intrinsic charges. Lets start the analysis with the 1st term of equation 5.7, where
the dipoles induced in the tip (δρt) interacts with the intrinsic charges of the
sample (ρ0

s).

First term: δρt · ρ0
s

The case of a positive intrinsic charge in the sample interacting with a dipole
induced in the tip (δρt) is schematized in the Figure 5.3. The positive part of the
dipole is repelled by the sample for V < 0 and attracted for V > 0. In this case,
according to the rule of thumb extracted from Figure 5.1, this term will shift the
VLCP D towards negative values.
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Figure 5.3: Scheme of the VLCP D shift induced by the first term of equation
5.7, due to the interaction between a dipole induced in the tip and an intrinsic
positive charge in the sample. The interaction force results repulsive for V < 0
and attractive for V > 0, provoking a shift of the LCPD parabola to the left.

Similarly, for the case of a negative intrinsic charge in the sample interacting
with the same dipole induced in the tip (δρt), the positive part of the dipole is
attracted by the sample for V < 0 and repelled for V > 0. Hence, under the
same logic, this configuration will induce a shift of the VLCP D towards positive
values, as schematized in Figure 5.4.

Figure 5.4: Scheme of the VLCP D shift induced by the first term of equation
5.7, due to the interaction between a dipole induced in the tip and an intrinsic
negative charge in the sample. The interaction force results attractive for V < 0
and repulsive for V > 0, provoking a shift of the LCPD parabola to the right.

The analysis of these two cases (Figures 5.3 and 5.4) indicate that the 1st term
of the equation 5.7 shifts the ∆f(V ) parabola to the left for positive charges in
the sample and to the right for negative charges in the sample. This behaviour
is in accordance with the experimental results of previous works.76–78,80
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Second term: ρ0
t · δρs

Lets now analyze the 2nd term of the equation 5.7 in the same way. For the case
of a positive net charge in the apex of the tip, the tip-sample interaction will be
attractive for V < 0 and repulsive for V > 0. This, using again the scheme in
Figure 5.1, will shift the value of VLCP D towards positive values, as schematized
in Figure 5.5.

Figure 5.5: Scheme of the VLCP D shift induced by the second term of equation
5.7, due to the interaction between a dipole induced in the sample and an intrinsic
positive charge in the tip. The interaction force results attractive for V < 0 and
repulsive for V > 0, provoking a shift of the LCPD parabola to the right.

Similarly for a negative net charge in the apex of the tip, the negative part of
δρs will repel the tip for V < 0, while the dipole with positive topmost part in
the sample will attract the tip for V > 0. This situation, that will shift the value
of VLCP D towards negative values, is depicted in Figure 5.6.

Then, the sign analysis of the 2nd term of the equation 5.7 done in Figures
5.5 and 5.6 indicates that the presence of positive/negative charges in the tip will
shift the LCPD parabola to the right/left, respectively.

Complete F SR
KP F M interaction: δρt · ρ0

s + ρ0
t · δρs

Gathering the conclusions of this discussion about the effect of F SR
KP F M in the

values of VLCP D two different tendencies are observed:

• Positive charges in the sample will be observed as lower values of VLCP D

and negative charges as higher values of VLCP D.

• Positive charges in the tip will be observed as higher values of VLCP D and
negative charges as lower values of VLCP D.

Hence the final value of VLCP D observed experimentally will be an interplay be-
tween a term depending on the net charges of the sample and a term depending
on the net charges of the tip. This means that the experimental images will be a
combination of an image of the tip and an image of the sample, weighed by the
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Figure 5.6: Scheme of the VLCP D shift induced by the second term of equation
5.7, due to the interaction between a dipole induced in the sample and an intrinsic
negative charge in the tip. The interaction force results repulsive for V < 0 and
attractive for V > 0, provoking a shift of the LCPD parabola to the left.

polarizations of the sample and tip respectively. Ideally, to maximize the presence
of an image that resembles the sample in the experimental results, one should
try to maximize the polarizability of the probe. To facilitate the interpretation
of the experimental results, the different contributions to VLCP D that can arise
from the two considered terms of F SR

KP F M are summarized in Figure 5.7.

Figure 5.7: summary of the relations between localized charges and the changes
in VLCP D explained in Figures 5.3 - 5.6.

As, the two mentioned contributions are impossible to separate experimen-
tally, the KPFM results should be analyzed with extreme caution. Our intention
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with this model is to provide a computational environment in which both contri-
butions can be separated. This allows to analyze each contribution independently,
to relate each aspect of the experimental results with its true origin. This analy-
sis procedure is exemplified in section 5.3 where we present the direct imaging of
σ-holes in halogenated molecules using KPFM experiments. There, we combine
experiments with simulations using the proposed model to help us distinguish
between images of the tip and images of the sample.

5.2.3 Technical details of the implementation
The procedure to evaluate the FKP F M force was implemented in the probe particle
(PP) model package15 by the author of the present thesis. First, lets analyze the
basic AFM simulation strategy used in the PP model.

In the original version of the PP model, the interaction between the probe
and the sample is calculated by means of a Lennard-Jones force field:

FLJ(r⃗tip) =
∑︂

α

∑︂
β

r⃗tip

(︄
12 Bαβ

|r⃗tip|14 − 6 Aαβ

|r⃗tip|8

)︄
, (5.11)

where α and β sums over the atoms of tip and sample respectively, and where r⃗tip

is the tip-sample relative position. Aαβ and Bαβ are interaction coefficients for
each α and β pair of atoms, which precise definition can be found in the original
publication of the PP model.15 Additionally, the electrostatic interaction can be
included with the following expression:46

FEl(r⃗tip) = ∂

∂r⃗tip

∫︂
ρt(r⃗)V h

s (r⃗ − r⃗tip)dr⃗, (5.12)

where V h
s is the Hartree potential of the sample. Expressing the Coulomb interac-

tion in this form allows to calculate the electrostatic interaction as a convolution
of ρt(r⃗) and V h

s (r⃗ − r⃗tip). Then the position of the flexible probe is relaxed un-
der the interaction force and the frequency shift is calculated using the method
proposed by Giessibl.36

We start the implementation of KPFM adding the bias dependent forces
(FKP F M) to the total forces (FLJ and FEl in equations 5.11 and 5.12) for a range
of values of applied external bias (V ) . The macroscopic term F LR

KP F M is included
as the force that acts between an sphere of radius Rtip and an infinite plane at
distance ztip, both conductors, under an external potential:81

F LR
KP F M(V, ztip) = πε0

⎡⎣ R2
tip

ztip (ztip + Rtip)

⎤⎦ (V − VCP D)2 . (5.13)

The parameter VCP D can be set to the experimental value at large distance and
the radius of the tip’s apex (Rtip) can be chosen, within the range of a few tens
of nanometers, to reflect the sharpness of the macroscopic tip in the experiment.

Then, we calculate the interaction between static charges and polarizations
(F SR

KP F M), in the presence of an electric field Ez, with the following expression:
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F SR
KP F M(r⃗tip, Ez) = ∂

∂r⃗tip

∫︂
δρ0

t (r⃗, Ez)V h
s (r⃗ − r⃗tip) dr⃗

+ ∂

∂r⃗tip

∫︂
ρt(r⃗)δV h

s (r⃗ − r⃗tip, Ez) dr⃗,

(5.14)

where we use the Hartree potential of the sample V h
s and the potential created

by the polarization of the sample (δV h
s ).

To calculate the polarizations of tip δρt(r⃗, Ez) and sample δVh(r⃗ − r⃗tip, Ez),
we consider the polarizabilities (α(r)) of tip and sample to be constant within the
magnitude range of the induced field. Hence, the polarization of the tip at any
given electric field δρt(r⃗, Ez) can be extrapolated from the value of polarization
under a given reference electric field (Eref.):

δρt(r⃗, Ez) = α(r⃗) · Ez = Ez

Eref

δρt(r⃗, Eref ), (5.15)

and similarly for the Hartree potential of the polarizations induced in the sample
we asume:

δV h
t (r⃗ − r⃗tip, Ez) = Ez

Eref

δV h
t (r⃗ − r⃗tip, Eref.). (5.16)

Hence, the interaction force F SR
KP F M could be extrapolated from the values of the

force calculated for the reference electric field Eref :

F SR
KP F M(r⃗tip, Ez) = Ez

Eref

· F SR
KP F M(r⃗tip, Eref.). (5.17)

At last, we consider the electric field between the tip and the sample to be
approximately the one between the parallel plates of a capacitor:

Ez = V

ztip

(5.18)

Consequently, the F SR
KP F M(r⃗tip, V ) interaction force for an applied bias V, when

the metallic part of the tip and the substrate are at a vertical distance ztip, can be
extrapolated from the values of the force under the reference electric field Eref.:

F SR
KP F M(r⃗tip, V ) = V

Eref · ztip

· F SR
KP F M(r⃗tip, Eref.). (5.19)

Then, F LR
KP F M and F SR

KP F M are added to the bias independent forces (equations
5.11 and 5.12) for the chosen set of applied bias. Subsequently, the frequency
shift maps (∆f(r⃗tip)) are obtained at every chosen value of V , obtaining the
dependence of the frequency shift with the bias (∆f(V, r⃗tip)) Then, for a precise
determination of the values of VLCP D at each point (r⃗tip), the ∆f(V, r⃗tip) data is
fitted with the equation:

∆f(V, r⃗tip) = α(r⃗tip) · V 2 + β(r⃗tip) · V + γ(r⃗tip), (5.20)
and the VLCP D is determined at each point:

VLCP D(r⃗tip) = − β(r⃗tip)
2α(r⃗tip) (5.21)
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Figure 5.8: Scheme of the (∆f(V, r⃗tip)) fitting process. First the frequency shift
maps are calculated for every value of the applied bias. Then, for each point of
the maps, the values are extracted and fitted with the equation 5.20.

This analysis and fitting process is schematized in Figure 5.8.
The reference polarizations δρt(r⃗, Eref ) and δVh(r⃗ − r⃗tip, Eref.) used in the

calculation are defined as:

δρ(r⃗, Eref.) = ρ(r⃗, Eref ) − ρ0(r⃗), (5.22)

δVh(r⃗, Eref.) = Vh(r⃗, Eref.) − V 0
h (r⃗), (5.23)

where ρ(r⃗, Eref ) and Vh(r⃗, Eref.) are the charge density and Hartree potential of
tip and sample under the chosen reference electric field Eref. and ρ0(r⃗) and V 0

h (r⃗)
are the charge density and Hartree potential of tip and sample in the absence of
any external field.

The four terms in the right hand side of equations 5.22 and 5.23 can be calcu-
lated for example by means of density functional theory (DFT). The implemented
code also allows to generate ρ0

tip and δρtip analytically, using atomic orbitals (s,
pz, dz2, ...) fitted to DFT results. In the case of DFT obtained electronic struc-
ture, both with and without external field calculations should be performed with
the same fixed structure, to avoid changes in the electronic structure caused by
the structural relaxation due to the external field. Also, in the case of calculating
the electronic structure of the tip with DFT, the reader should keep in mind that
while the equations are written in terms of the net charges of the tip ρ0, many
codes usually provide the electronic charge density, excluding the charge of the
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atom’s core. The net charges are then calculated as the total electronic charge of
the tip ρelec.

t , minus the atomic charge of all the atoms that form the tip ρatm :

ρ0
t (r⃗) = ρelec.

t (r⃗) − ρatm(r⃗). (5.24)

5.3 KPFM identification of anisotropic charge
distributions at atomic scale

The contrast in KPFM images originates from a certain part of the electrostatic
force that depends on the applied bias. Studying the frequency shift dependence
with the external potential allows to separate the electrostatic interaction from
stronger contributions like the Pauli repulsion or the dispersion interaction. This
mechanism of operation makes KPFM the ideal technique for the detection of
anisotropic distributions of charge such as the σ-hole.

A σ-hole is the anisotropic charge distribution that certain halogen atoms
present when they are covalently bonded to another atom with stronger elec-
tronegativity. Section 4.1 explains that the way the p valence electrons organize
themselves around the halogen atom makes it exhibit a positive crown surrounded
by a belt of negative potential. The existence of σ-holes in halogen atoms has
only been demonstrated indirectly, observing the interaction between halogenated
molecules or predicted by theoretical calculations.

Using a KPFM experimental set-up with different tip functionalizations we
obtained direct images of the σ-hole on the halogen atoms of selected molecules.82

We were also able to determine the shape and sign of the multipolar charge in
the apex of a CO decorated tip. We used the proposed method to chose the tip
functionalization that permits the visualization of the σ-hole, avoiding spurious
effects.

To achieve our objective, we have deliberately chosen two molecules, the
tetrakis(4-fluorophenyl)methane (4FPhM) and tetrakis(4-bromophenyl)methane
(4BrPhM). These compounds, as it is shown in Figure 5.9, present a tripodal
structure after their absorption on a silver [111] substrate. This configuration,
with one of the halogen atoms pointing out of the surface allows to easily access
the area where the σ-hole is supposed to be found.

We have chosen the F and Br terminations for the molecules among the halo-
gen column, so we will have one molecule exhibiting a σ-hole and one terminated
with an homogeneous charge distribution for comparison. This can be seen in
the electrostatic potential surfaces (EPS) of the two selected molecules in Figure
5.10. The KPFM experiments where performed using two different tip function-
alizations with distinct electrostatic character (see Figure 5.10C and D). First we
choose a Xe terminated tip to experimentally obtain the images of the σ-hole in
the 4BrPhM molecule. The homogeneous charge and high polarizability of this
tip termination make it a great candidate for the imaging of anisotropic charge
distributions in the sample. Secondly, because it is a commonly used tip termi-
nation in SPM, we performed as well KPFM experiments using a CO terminated
tip. The results obtained using the CO decorated tip allowed us to experimentally
confirm the electrostatic character of a CO terminated metallic tip.
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Figure 5.9: Relaxed structure of (A) tetrakis(4-fluorophenyl) methane (4FPhM)
and (B) tetrakis(4-bromophenyl) methane (4BrPhM) molecules absorbed in a sil-
ver [111] substrate. The different elements are depicted as follows: Silver in gray,
carbon in black, hydrogen in white, bromine in magenta and fluorine in blue.

Figure 5.10: Electrostatic potential surfaces (EPS) of the (A) tetrakis(4-
fluorophenyl) methane (4FPhM) and (B) tetrakis(4-bromophenyl) methane (4Br-
PhM) gas phase molecules and the two tip decorations, (C) Xe and (D) CO. The
used charge density isosurface is 0.001 a−3

0 and the values of Hartree potential
that set the color scale are [-0.5, 0.5] eV for 4FPhM, [-0.8, 0.6] eV for 4BrPhM,
[-0.3, 0.3] eV for the Xe decorated tip and [-0.3, 0.3] eV for the CO decorated tip.

5.3.1 Xe terminated tip experiments and the σ-hole vi-
sualization.

The Figure 5.11 shows KPFM experimental images (panels A-B) of 4FPhM and
4BrPhM obtained with a Xe decorated tip and the corresponding simulated im-
ages (C-D). In the case of 4BrPhM we obtained a blue dot surrounded by a red
belt, result that can be intuitively identified as the observation of a σ-hole (Figure
5.11B,D). On the other hand, the images of the 4FPhM molecule show an ho-
mogeneous distribution of positive contrast (Figure 5.11A,C). In both cases, the
obtained images are coherent with the electrostatic potential showed in Figure
5.10. Nevertheless, it is illustrative to analyze to origin of the observed con-
trast and confirm that we obtained images of the atomic charges on the foremost
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Figure 5.11: (A, B) Experimental KPFM images of the 4FPhM (A) and 4Br-
PhM (B) molecules inspected with a Xe decorated tip. (C and D) Simulated
KPFM images of the corresponding experiments.

halogen atoms of the molecules.
The Figures 5.12 and 5.13 show simulated KPFM images calculated including:

only the 1st term (panel A1), the 2nd term (panel A2), and both terms (A3), of
equation 5.7. To illustrate the meaning of each image, panels B1 and B2 of
Figures 5.12 and 5.13 schematize each interaction term, for V > 0, when the
tip is positioned right above the halogen atom. Similarly, panels C1 and C2 of
Figures 5.12 and 5.13 show each interaction when the tip is laterally displaced
with respect to the halogen atom.

To understand the implications of each contribution in each case, lets start
discussing the contribution of the 1st term of equation 5.7 using the first column
of Figures 5.12 and 5.13. We should remind for the analysis, that this term
corresponds to the interaction between the dipole induced in the tip (δρt) and
the intrinsic charge of the sample (ρ0

s).
For the case of 4FPhM, the interaction between δρt and ρ0

s is always repulsive
(for V > 0) when we scan over the fluorine atom (see Figures 5.12B1 and 5.12C1).
This situation creates an homogeneous image of positive values of VLCP D (see
Figure 5.12A1).

In the case of 4BrPhM, the dipole induced in the tip (δρt) is attracted by the
the positive crown of the bromine atom (Figure 5.13B1) when we scan the center
of the atom. On the other hand, when the tip scans over the outer part of the
bromine atom (Figure 5.13C1), the dipole induced in the tip (δρt) is repelled by
the negative belt of the Br atom. Then, this term will give rise to the image
of the σ-hole showed in Figure 5.13A1. This analysis of the the 1st term of the
equation 5.7 illustrates how the dependence of this term with the tip position is
given by the intrinsic charges of the sample (ρ0

s).
A similar analysis can be done for the interaction of the dipoles induced in the

sample (δρs) interacting with the intrinsic charge of the tip (ρ0
t ), corresponding

to the 2nd term of equation 5.7. In panels B2 and C2 of Figures 5.12 and 5.13
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Figure 5.12: (A) Simulated KPFM images of the 4FPhM molecule with a Xe
decorated tip. (A1) Image including only the 1st term of equation 5.7, reflect-
ing the electrostatic of the sample. (A2) Image including only the 2nd term of
equation 5.7, reflecting the electrostatic of the tip. (A3) Complete KPFM image
including the two contributions of panels A1 and A2. (B) Schematic description
of the interaction in each case. (B1) Induced dipoles in the tip interacting with
the intrinsic charge of the sample and (B2) induced dipoles in the sample inter-
acting with the intrinsic charge of the tip, for the case of the tip centered above
the halogen atom. (C) Schematic description of the interactions mentioned in the
case of panels B, but laterally displaced. In B and C, positive charge is depicted
in blue and the negative charge in red.

is shown that this component (for V > 0) is repulsive in all cases. Hence, this
component shows the homogeneous positive charge of the Xe atom as a regular
dot of positive VLCP D values in Figures 5.12A2 and 5.13A2.

From the analysis of both terms we can conclude that:

• The 1st term of equation 5.7 provides an image of the charge distribution
of the sample, weighted by the polarization of the tip

• The 2nd term of equation 5.7 provides an image of the charge distribution
of the tip weighted by the polarization of the sample.
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Figure 5.13: (A) Simulated KPFM images of the 4BrPhM molecule with a Xe
decorated tip. (A1) Image including only the 1st term of equation 5.7, reflect-
ing the electrostatic of the sample. (A2) Image including only the 2nd term of
equation 5.7, reflecting the electrostatic of the tip. (A3) Complete KPFM image
including the two contributions of panels A1 and A2. (B) Schematic description
of the interaction in each case. (B1) Induced dipoles in the tip interacting with
the intrinsic charge of the sample and (B2) induced dipoles in the sample inter-
acting with the intrinsic charge of the tip, for the case of the tip centered above
the halogen atom. (C) Schematic description of the interactions mentioned in the
case of panels B, but laterally displaced. In B and C, positive charge is depicted
in blue and the negative charge in red.

In the case of the Xe decorated tip, we found that the probe has a large polar-
ization. Consequently, the term we labeled as "image of the tip" dominates the
complete image, allowing us to obtain an image of the σ-hole.

5.3.2 CO tip decoration and the characterization of its
charge distribution.

The CO molecule is a common choice for tip termination in SPM experiments.
Therefore, we decided to study the imaging mechanism using this tip function-
alization. The Figure 5.14 shows the KPFM experimental and simulated images
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Figure 5.14: (A) Experimental KPFM image of the 4FPhM molecule inspected
with a CO decorated tip. (B) Simulated KPFM image of the corresponding Ex-
periment.

of the 4FPhM molecule, obtained with a CO decorated tip. Using the mentioned
tip functionalization, we obtained a negative contrast feature in the center of the
atom, surrounded by a belt of positive values of VLCP D.

To understand the obtained images, we repeated the analysis of the imaging
mechanism that we carried out in the previous section. The Figure 5.15 shows
simulated KPFM images calculated including: only the 1st term (panel A1), the
2nd term (panel A2), and both terms (A3), of equation 5.7. To illustrate the
meaning of each image, panels B1 and B2 of Figure 5.15 schematize each inter-
action term when the tip is positioned right above the fluorine atom. Similarly,
panels C1 and C2 of Figure 5.15 depicts each interaction when the tip is laterally
displaced with respect to the fluorine atom.

In this case (for V > 0), the 1st term of equation 5.7 is repulsive (see Figure
5.15B1 and C1), creating the image of the fluorine atom showed in Figure 5.15A1.
The 2nd term of equation 5.7 will be attractive when the tip scan the center of
the F atom, because δρs interacts mainly with the central lobe of the probe (see
Figure 5.15B2). Then, when the tip scans the edge of the atom, δρs will be mainly
repealed by the positive belt of the probe apex (see Figure 5.15C2). Then, this
last term creates the image of the tip shown in Figure 5.15A2, with a positive
dot in the center, surrounded by a belt of negative values of VLCP D.

In the case of the images obtained with a CO decorated tip, we found the
interaction arising from the 2nd term of equation 5.7 to be stronger than the
contribution of the 1st term. This means that the experimental images obtained
in this case (Figure 5.14) are and images of the CO molecule attached to the tip.
With this analysis, we have confirmed the predictions of previous authors about a
CO terminated tip.83 A CO molecule attached to a metallic tip exhibits an inner
negative lobe, surrounded by a positive ring as it is show in Figure 5.16)
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Figure 5.15: (A) Simulated KPFM images of the 4FPhM molecule with a CO
decorated tip. (A1) Image including only the 1st term of equation 5.7, reflect-
ing the electrostatic of the sample. (A2) Image including only the 2nd term of
equation 5.7, reflecting the electrostatic of the tip. (A3) Complete KPFM image
including the two contributions of panels A1 and A2. (B) Schematic description
of the interaction in each case. (B1) Induced dipoles in the tip interacting with
the intrinsic charge of the sample and (B2) induced dipoles in the sample inter-
acting with the intrinsic charge of the tip, for the case of the tip centered above
the halogen atom. (C) Schematic description of the interactions mentioned in the
case of panels B, but laterally displaced. In B and C, positive charge is depicted
in blue and the negative charge in red.

5.4 Conclusions
In this work, we managed to obtain experimental images of anisotropic charge
distributions at atomic scale using a KPFM set-up with the proper tip functional-
ization. We provided, for the first time, direct evidence of the existence of σ-holes
in brominated tetraphenyl molecules deposited on a metallic substrate. We also
obtained experimental profs of the electrostatic character of the CO terminated
tip.

In order to understand the obtained experimental results, we have developed
a new module of the probe particle model.15 This new version of the code al-
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Figure 5.16: Calculated differential charge density of the CO decorated silver
[111] tip. The plotted isosurface is 0.02 a−3

0 . The blue lobes are positively charged
and the red lobes are negatively charged.

lows to carry out KPFM simulations, considering the changes in the tip-sample
interaction force due to the bias-induced polarizations inside the junction.

We found the obtained KPFM images to be an interplay of two main contribu-
tions, one resembling the electrostatic landscape of the sample and other related
with the electrostatic character of the probe apex. The performed simulations
allowed us to separate the distinct contributions in computational experiments,
so we could relate each aspect of the experimental images images to their true ori-
gin. In conclusion, the proposed model shows a very promising potential for the
study of systems where the anisotropic distributions of charge play an important
role.

47



6. Characterization of reactions
on surfaces
The reactions that take place on surfaces are gathering large attention, due to
their unusual reaction mechanisms, that could be for example conditioned by the
reactants interaction with the substrate.84–86 The use of the interaction between
the molecules and the substrate to steer the reaction suppose an interesting tool
for the solvent-free synthesis of nanostructures. Nevertheless, further develop-
ments of this methods can only be unleashed under a proper knowledge of the
reaction mechanism. One extended option for the characterization of the reac-
tion mechanism between organic molecules absorbed in metallic substrates are
the DFT based methods.87–90

This chapter presents the work done to analyze the strain-induced isomer-
ization of one-dimensional (1D) metal-organic chains (MOCs) on a Cu[111] sub-
strate. This work offers an example of how SPM can be used to identify the
reactants and products of reactions happening on planar surfaces. Using a com-
bination of STM and AFM with a fuctionalized tip, it was possible to determine
the structure and arrangement of the chains at atomic level before and after the
reaction.

This project also allow us to show the potential of the QM/MM-based MD
methods introduced in chapter 3 to characterize the reaction process considering
the effect of temperature in the calculation. The QM/MM (quantum mechan-
ics/molecular mechanics) allowed us to describe the system with a combination of
DFT and classical force fields. Using this formalism, we could describe the large
Cu[111] substrate with empirical force fields, while the bond breakage/formation
was described by DFT. Using these methods, we managed to obtain the free en-
ergy barrier of the reaction, including the effect of vibrational modes and entropy
in the studied process, rationalizing the experimental evidence.

6.1 Strain driven isomerization of metal-organic
chains on a cooper [111] substrate

In this paper, we reported the isomerization of MOCs, driven by the internal
strain induced by the interaction with the metallic substrate. First, 1,5-dibromo-
2,6-dimethylnaphthalene (DBDMN) molecules were deposited on a Cu[111] sub-
strate. Then, after the deposition, the C-Br bonds of the molecules broke, allow-
ing them to create 1D chains via C-Cu-C links. Finally, after keeping the system
at room temperature for a long time (∼12h) the chains underwent to skeletal
transformations. The C-Cu-C links enchanged positions with the C-H links, as
it is shown in Figure 6.1, allowing the chains to adopt a new orientation with
respect to the substrate. In the following it is commented how SPM experiments
were combined with DFT, AFM and QM/MM-based MD simulations to identify
the stages of the reaction and the isomerization mechanism.

First, we identified the skeleton and arrangement of the products and precur-
sors of the reaction using the mentioned SPM experiments and simulations. To
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Figure 6.1: Scheme of the formation and isomerization of one-dimensional (1D)
metal-organic chains (MOCs) from 1,5-dibromo-2,6-dimethylnaphthalene (DB-
DMN) molecules on a Cu[111] substrate. First the DBDMN molecules were de-
posited in the substrate. Then the molecules lost the bromine termination to form
MOCs along the [110] direction of the Cu[111] surface. Finally, after 12 hours
at room temperature, the chains underwent a internal transformation.

do so, AFM and STM images were obtained experimentally. Then, to confirm
the interpretation of the experimental results, we also simulated AFM images
using the probe particle (PP) model.15 The obtained images can be found in the
original publication91 (see the 3rd appended paper at the end of the thesis). We
found the inner structure of the dimethylnaphthalene molecules (terminated with
CH3) that form the chain to be non-planar when they are absorbed in the sub-
strate (see Figure 6.2a). The AFM images in this case showed only a few bright
spots along the chain, that we identified as the methyl groups that terminate the
molecules, pointing out of plane. To overcome this problem, the dehydrogena-
tion of the methyl groups was induced by scanning with STM at high voltages
(∼2.0V). This new termination (CH2) allowed the molecules to adopt a planar
configuration (see Figure 6.2b) in which their complete skeleton could be imaged
with AFM.

Then, it was found that when the chains were left to evolve for around 12
hours at room temperature before carry out the above described dehydrogenation
process, the inner structure of the chains changed (as is indicated in Figure 6.3).
During this time, an isomerization reaction occurred, changing the position of the
C-Cu-C linkers inside the chains. We also noticed that, this isomerization was
accompanied by a rotation of the chains with respect to the metallic substrate.
The angle of rotation was experimentally determined by imaging the molecular
structure of the chains and the cooper surface in the same session.

While the chains right after deposition were oriented along the high symmetry
[110] direction of the substrate, the chains after the reaction were found to be
rotated approximately 20◦ with respect to the initial direction (see Figure 6.3).
The orientation acquired after the isomerization allowed the chains, in their new
conformation, to adopt a lattice constant closer to the ideal one. According to
our DFT calculations, the change in the registry after the isomerization releases
around 0.28eV per molecule of mechanical strain energy.

To obtain a deeper insight of the reaction mechanism, we carried out QM/MM-
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Figure 6.2: DFT relaxed structure of the chains before and after the tip-induced
dehydrogenation. (A) The chains right after the chain formation are terminated
with CH3 groups. This termination makes the molecules in the chain adopt a
non-planar configuration. (B) After an STM scan using a bias of 2.0V the CH3
terminals dehydrogenate, allowing the molecules to adopt a planar configuration.
The different elements of the system are depicted as follows: cooper substrate
in gray, cooper ad atoms in ochre, carbon atoms in blue and hydrogen atoms in
white.

based MD simulations to obtain the free energy barrier of the reaction, using the
umbrella sampling algorithm. This method applies a series of constrains to the
system, usually on the shape of external harmonic potentials, to drive it along the
proposed reaction pathway. These potentials will force the system to overcome
a given energy barrier in the direction of a so-called reaction coordinate. These
coordinates could be, for example, the angle between two bonds or the distance
between two atoms. Then, the weighted histogram analysis method (WHAM)92

was used to extract the free energy barrier. This method analyze the results from
a large enough number of MD calculations under each of the constrains set along
the reaction path to calculate the free energy barrier.

For the QM/MM-based MD simulations of the reaction, we chose a MOC
formed by 3 dimethylnaphthalene molecules linked by cooper atoms absorbed
on a Cu [111] substrate with a thickness of 3 layers. As it was mentioned at
the begining of this chapter, we chose to treat the system with the QM/MM
method. This treatment allowed us to obtain a good description of the bond
breakage/formation, while keepeing the simulation computationally afordable.

A proper definition of the QM and MM regions of the system is non trivial
and it is worthy to discuss the aspects we considered for the choice. First, we
decided to describe the MOCs (3 molecules and 3 Cu linker atoms) with QM
methods, as it was necessary to describe the bond breakage/formation. Then, we
found that the charge transference between the MOCs and the substrate during
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Figure 6.3: Isomerization reaction scheme. DFT relaxed structures of the MOCs
(A) before and (B) after the strain-driven reaction occurred after evolve at room
temperature for 12 hours. The different elements of the system are depicted as
follows: cooper substrate in gray, cooper ad atoms in ochre, carbon atoms in blue
and hydrogen atoms in white.

the reaction played an important role in the isomerization mechanism. Hence
it was also necessary to include part of the Cu[111] substrate in the quantum
region, specifically 28 atoms of the top layer of substrate inmediately behind the
molecule. To finish the definition, the rest of the Cu[111] substrate was described
with an empirical force field, obtaining a sufficient description of the Pauli and
dispersion interactions at a very low computational cost.

We found the most favorable reaction pathway to be a two step process, where
the Cu atom and the neighbouring hydrogen simultaneously exchange their bonds
with the carbon atoms. The reaction process is briefly schematized in the Figure
6.4 and detailed in the original publication91 that can be found in the appendix.
First the hydrogen bonds with the cooper atom, weakening its interaction with
the naphthalene molecule and the substrate (in Figure 6.4 the transition from A
to B). Then, the Cu atom can form a new Cu-C bond and break the former one,
allowing the chain to adopt its new configuration (in Figure 6.4 the transition
from B to C).

Interestingly, our calculations predict that at high temperatures out-of-plane
vibrational modes of the molecular chains are activated. This allows the molecules
to oscillate around higher vertical distances with respect to the substrate. A
comparison of the vertical oscillation of different parts of the chain at 50, 100 and
300 Kelvin can be found in the supplementary information of the paper. As an
illustrative example, we found the Cu atoms inside the chain to oscillate at 300K
around 0.5Å higher with respect to the substrate than in the same calculation
at 50K. The access to these vibrational modes had a direct effect in the chain-
substrate interaction, facilitating the movement of the atoms and lowering the
activation barrier.

In summary, with this project we intended to contribute to the understand-
ing of strain-driven reactions occurring on surfaces. We used a combined effort
of experimental and theoretical work to deduce the initial and final stages of
the process. Thanks to the results obtained with SPM methods, we could find
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Figure 6.4: Description of the reaction mechanism. First the hydrogen bonds
with the cooper atom, weakening its interaction with the naphthalene molecule
and the substrate. This process implies a free energy barrier of 1.18eV (transition
from A to B). Then, the Cu-C bond beaks, allowing the chain to adopt its new
configuration (transition from B to C). This second stage of the process implies
a barrier of 0.78eV , ending in a structure of 0.44eV lower free energy, compared
with the initially considered configuration. The different elements of the system
are depicted as follows: cooper substrate in gray, cooper ad atoms in ochre, carbon
atoms in blue and hydrogen atoms in white.

the implications of the chain-substrate interaction and confirm the role of the
mechanical strain in the reaction process with DFT calculations.

We have also carried out QM/MM-based MD simulations to successfully de-
scribe the most probable reaction mechanism at atomic level. This kind of simu-
lations are well-known in fields such as theoretical biology, where they have been
used for decades, but remain relatively unexploited in the field of surface sciences.
This project is, up to our knowledge, the first application of QM/MM-based MD
simulations including temperature to the characterization of on-surface reactions
occurring on metallic substrates. In this sense, deeper studies of the reaction pro-
cess or the crucial parameters of the simulations in the context of surface sciences
could be of high interest. It illustrates the potential of the QM/MM method
to describe the reactions occurring on surfaces, setting a good starting point for
further studies of on-surface reactions.
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Conclusion
During the last four decades, the scanning probe microscopy (SPM) techniques
have proven to be one of the most powerful tools for the study of the surfaces of
solids and planar structures at the atomic level. At the same time, great efforts
have been made in the development of theoretical models and computational tools
in order to describe the underlying imaging mechanisms. To contribute to this
effort, most of the work presented in this thesis focuses on the analysis of the
interaction between tip and sample in different SPM experiments.

An important application of the SPM techniques is the characterization of the
reactants and products of chemical reactions happening on surfaces, which have
been gathering interest during the last decades. In order to characterize also the
physical mechanism that rule the reaction itself, different theoretical approaches
are available. This thesis presents the molecular dynamics (MD) calculations,
using the quantum mechanics/molecular mechanics (QM/MM) formalism, carried
out to describe the isomerization mechanism of metalorganic chains (MOCs).

Some of the most interesting results I have obtained during my PhD studies
are collected in this thesis. In the following I recapitulate the main conclusions
and future expectations of the discussed projects in descending order of scientific
transcendence.

In chapter 5, I describe the combination of experiments and theoretical simu-
lations carried out in order to demonstrate the until then only predicted existence
of the σ-hole. This chapter details the implementation of a computational model
developed to simulate Kelvin probe force microscope (KPFM) images. Using this
model, we could relate each aspect of the experimental images with its true origin.

This computational model shows a very promising potential for the study
of systems where the anisotropic distributions of charge play an important role.
Recently, we used it to confirm the charge distribution of a diazahexabenzo-
coronene derivative deposited on a Au[111] substrate.80 In this work, we used the
developed KPFM computational model to corroborate the KPFM experimental
findings that denote the positive charge state of the molecules.

Additionally, this KPFM model is currently being used not only by myself
but also by other colleagues in various projects that are expected to be published
during the following years. We believe that the developed model represents a
solid theoretical framework for KPFM, helping the further proliferation of the
technique. The agreement between the experimental and theoretical results sug-
gest a good validity of the method. However, it will be its application to various
systems what will reveal the limits of applicability of the model. We expect the
results to be favorable for most systems where the chemical interaction between
tip and sample is weak. Anyhow, it could be interesting to consider, for example,
the charge reorganization due to the tip-sample interaction and its dependence
with the applied bias in further developments of the model.

In chapter 6, I reviewed the work we carried out in order to characterize
the strain-induced isomerization of metal-organic chains (MOCs) occurring on a
metallic substrate. To do so, we used molecular dynamics (MD) calculations, with
the atomic interaction described with a combination of density functional theory
(DFT) and classical force fields. The obtained results demonstrated the great
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efficacy of QM/MM based methods to study reactions happening in the frame
of crystalline surfaces. The combination of quantum and classical mechanics to
describe the system allows for a proper characterization of chemical transforma-
tions, inside a vast system under minimal computational cost. We found out that
the charge transference between the studied MOCs and the cooper [111] surface
in which they are deposited played an important role in the reaction. An inter-
esting topic to investigate in this line could be the effect of different substrates in
the reactions that take place on them. The different reactivity of the commonly
used metallic substrates could affect or even completely change the mechanism of
certain reactions. Because we found the vibrations of atoms in the system to play
a role, we believe this study should be done including the thermal energy in the
calculations to take the effect of vibrational modes into consideration. Also, given
the size of the studied systems and the need of a proper description of the charge
effects, our opinion is that the QM/MM methods are the most appropriated tool
for the job.

An additional aspect of the MOCs isomerization that we would have liked to
investigate in greater depth is the subsequent isomerization of molecules along the
chains once the reaction have started. In the simulations performed in the work
presented in the chapter 6, we have only studied the isomerization of one molecule
at the end of a MOCs. We suspect that, as the following molecules undergo the
reaction and adopt their new alignment with the substrate, additional strain
forces could appear, enhancing the reaction.

In chapter 4, I discuss our work addressing the important topic of the exten-
sively debated visualization of weak intermolecular interactions using SPM. The
interpretation of certain aspects of high-resolution SPM images are still under
debate. To tackle this topic we discuss the SPM imaging mechanism and pro-
vide a solid rationalization of the origin of the intermolecular sharp features often
obtained experimentally. There, we relate the sharp edges obtained in inelastic
electron tunnel spectroscopy (IETS) and AFM experiments with the probe bend-
ing at close tip-sample distances in the presence of saddle points of the potential
energy. Then, we discuss the source of these saddle points for the case of covalent
and non-covalent bonds in the sample.

Covalent bonding implies a strong rehibridization of the electronic states of
the costituiting atoms. This gives rise to a strong localization of charge between
the bonded atoms that can be easily related with the sharp edges observed exper-
imentally. On the other hand, non-covalent interactions such as electrostatic and
dispersion interactions have a non-local character. Therefore it is not straight-
forward to relate these kind of interactions with a very localized signal like the
sharp edges observed experimentally.

We found the intermolecular features in the images to be the result of a prox-
imity effect. The probe is deflected due to the saddle point created by the mere
presence of two atoms in the sample close to each other and not by any bond-
related physical phenomena. The obtained results brought out the importance of
understanding the imaging mechanism in order to carry out a proper interpreta-
tion of the experimental images.

As final conclusions, the theoretical calculations and computational experi-
ments have shown themselves as powerful research tools for surface sciences. To
follow this line of research, this thesis intends to contribute to the development
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of theoretical frameworks for the on-surface research. In closing, although much
work has been done to contribute to the theoretical description of on-surface
systems, much remains to be done.
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Appendix
Appended papers

1. Nature of binding in planar halogenbenzene assemblies and their possible
visualization in scanning probe microscopy.

2. Real-space imaging of anisotropic charge of σ-hole by means of Kelvin probe
force microscopy.

3. Strain-induced isomerization in one-dimensional metal–organic chains.
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