2.3 High-resolution IETS-STM imaging

The IETS-STM high-resolution technique introduced by W. Ho et al. [10] maps out
variations of the IETS signal corresponding to the frustrated translation (FT) mode of
the CO-tip while scanning a molecule on the surface in close tip-sample distances. The
variation of the IETS signal of FT mode at a low bias set point (typically few meV)
traces the chemical structure including characteristic sharp edges very similar to AFM
and STM mode. This similarity with the other imaging modes points towards a joint
mechanism behind them.

It is well known that a CO molecule placed on the tip or surface has two characteris-
tic well-defined low energy excitation peaks corresponding to the frustrated translation
and rotational mode [5]. It is only the frustrated translation mode, which exhibits
distinct changes when the CO-tip is approached towards the surface [84]. This is re-
lated to the low effective stiffness of the frustrated translational mode which can be
consequently modified by the tip-sample interaction. The energy of the frustrated
translation vibrational mode of CO-tip was estimated to be ~ 2.4 meV [10], which

corresponds to an effective stiffness & = 0.6N/m; using € = h\/%, where m is the

effective mass of the atom/molecule at the tip apex. This value matches very well with
values presented by Gross et al. [34]. They estimated the stiffness k of the CO-tip
apex experimentally ~0.5 N/m and total energy DFT calculations gave values within
the range 0.3-1.6 N/m. Weymouth et al. [36] obtained the stiffness k = 0.24 N/m
by a thorough analysis of 3D frequency shift vs. distance measurements of a CO-tip
interacting with CO on the surface. With the stiffness range of 0.25-0.6 N/m used in
PP-AFM [32, 46, 57, 58] and PP-STM [44] simulations one can obtain good agreement
with experimental evidence.

To explain the origin of the high-resolution IETS-STM mechanism, we extended
the PP-AFM model [32] including analysis of the vibrational modes of the PP [31].
Namely, we employed the standard dynamical matrix approach to evaluate the vibra-
tional energy of the PP for a given tip position. In principle, the PP has three normal
modes, where one mode is associated with the radial motion of the PP around the tip
apex and two modes reflecting its lateral bending. The first radial mode is relatively
stiff and it is not relevant for the analysis of the IETS signal. Nevertheless, the two
other modes are much softer and they can be directly associated to the frustrated
translation mode of a CO-tip. In the IETS-STM model, the vibrational energy of the
lateral PP modes is set to be &~ 2 meV for a free standing PP, which corresponds to
the lateral PP stiffness k£ =0.6 N/m. However, the FT vibrational energy varies during
scanning due to the tip-sample interaction. Namely, the attractive (convex) and re-
pulsive (concave) character of the surface potential induces vibration mode hardening
and softening, respectively, as shown in Figure (a,b).

Our model [31] convincingly showed that the IETS mechanism is related to a vari-
ation of the frustrated translational mode of a CO molecule placed at the tip apex,
which responds sensitively to the changes of a local curvature of the surface poten-
tial. To explain the imaging IETS-STM mechanism in more details, let us consider
a simple example depicted on Figure (C) In this scenario, the PP is scanned across
a bond/atom at a certain height. When located far from the atom/bond the FT vi-
brational energy remains unaltered because of negligible interaction of the PP with
the substrate. However, when the PP is located above the bond/atom, its FT energy
is consequently reduced by experiencing the repulsive interaction with the substrate.
The TETS signal detected at a given bias set point is enhanced as shown in Figure

22



Tip approach

25 »>

A BT & : Doy ,

=+ Sample N /‘I‘\ . g =

= Tip 2 | 1 1 2.4 -8

1 ' '

— 27=550A h f e _8
_ — z=350A 0 o
3 — z=2.90A| T 23 i
I S | |V /| T 2T T 0O

= ¢ £

¢ I 22

== E potential energy,

AFM

| = FT vibrational energy

Bond or

e’ ~ -
= = '
-0 N A . L
C 720 -15 -1.0 ‘0-5\'"0'"/6‘5 10 15 20 195755735 40 a5 50 55 66

Yprone [A] z-distance [A]

0

£
Bias set point

[ 1

l

atom
*rip

energy

IETS-STM

STM

d21/dv?

Figure 2.9: Explanation the origin of the IETS-STM contrast obtained with
functionalized tips. (a) Interaction energies of the probe particle for different tip-
sample distances consisting of Vgpriyg (solid line) and varying Varon (dashed line)
for different positions above an atom on surface. (b) Variation of FT vibrational mode
(red line) and the interaction energy with surface atom (Varoar; black line) with tip-
sample distance. (c) Evolution of IETS-STM signal across a surface atom due to
renormalisation of the energy of the FT vibrational mode (red line). (d) correlation
between the bending of the probe particle and the contrast in AFM, STM and IETS-
STM images calculated for different tip-sample distances. (Adopted from [31]).

2.9(c). Thus the renormalisation of FT modes of CO on the tip [84] and the conse-
quent variation of the IETS signal gives rise to the characteristic contrast observed in
high-resolution IETS-STM images.

We should note that the model explains only the contrast using the variation of
the F'T vibrational energy, but completely omits the intensity of the IETS signal.
However detailed inspection of the experimental data reveals that the variation of the
intensity also contributes to the high-resolution IETS-STM contrast. Nevertheless,
understanding of this phenomenon requires more sophisticated theoretical approaches.
Currently, we are developing a new model to address the variation of the intensity of
the IETS signal, which takes into account modulation of the tunneling matrix with
respect to the F'T vibrational mode.

It is interesting to compare high-resolution images of all the techniques calcu-
lated with the PP model [31]. Figure [2.9(d) displays simultaneously calculated high-
resolution AFM, STM and TETS-STM images together with lateral bending of the
PP position at different tip-sample distances. This comparison demonstrates that the
sharpening of sub-molecular contrast is closely related to the lateral bending of the
CO-probe in the repulsive regime. It also puts the IETS-STM imagining mechanism
on common ground with already established high-resolution AFM and STM mecha-
nisms [31]. However direct experimental evidence correlating the AFM/STM/IETS
imaging mechanisms has been missing so far. Vert recently, we have succeeded to
acquire simultaneous high resolution AFM/STM/IETS imaging of iron(II) phthalo-
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Figure 2.10: Simultaneous high-resolution AFM, STM and IETS-STM im-
ages of FePc on Au(111) surface acquired with CO-tip. The images were
recorded using standard LT-SPM Createc machine equipped with qPlus sensor at 4
Kelvin with amplitude A= 50 pm and bias voltage 3 mV.

cyanine (FePc) on Au(111) surface with CO-functionalized probe, as shown on Figure
[2.10] The acquired data demonstrate unambiguously the common imaging mechanism
of the modes. We show that not only renormalization of the frustrated translational
mode, but also variation of the amplitude of IETS signal affect the IETS imaging.

2.4 Imaging charge distribution within molecules

The electrostatic field of molecules largely determines its behaviour, e.g. it affects
preferred sites within the molecule, where chemical reactions with other compounds
can take a place. It is also crucial to understand self-assembling processes of individual
molecules forming e.g. supramolecules or determining the electron-hole pair dynamics
in excited states. Detailed resolution of the charge distribution in the chemical bonds
within a molecule significantly advances our current possibilities to study the charge
transfer at the atomic and molecular level. For example, the detailed knowledge of
the charge distribution on molecular level could help to design solar cells with better
functionality.

2.4.1 Kelvin probe force spectroscopy

The mapping of the electrostatic field in real space is an important task for scanning
force microscopy, which is still not satisfactorily resolved. Kelvin Probe Force Mi-
croscopy (KPFM) has been so far a widely used technique, which enables the mapping
of the local contact potential difference (LCPD) [6] on atomic [85], [86] and molecular
scale [87, 188, 89]. It was shown that the KPFM contrast can be substantially enhanced
using functionalized probes [87, 61]. Nevertheless, the traditional KPFM method suf-
fers from an unclear relation between the detected signal (LCPD) and the quantities of
interest (charge distribution, electrostatic field). Furthermore, we demonstrated that
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Figure 2.11: Sub molecular resolution of charge densities of molecules by
means of KPFS method. a) Atomically resolved atomic force microscope image
of molecules, trimeric perfluoroortho-phenylenemercury (F15,C;sHgs) and its hydrogen-
terminated counterpart (H;2CigsHgs) on the surface of Cu (111). (b) The charge dis-
tribution simulated using quantum mechanical calculations. (c) Image of the sub-
molecular charge distribution of the studied molecules obtained by the new KPFS
method showing the different polarity of the chemical C-H and C-F bonds, respec-
tively.

the proximity of the scanning probe near the surface induces undesired artifacts in
KPFM measurements [90]. These give rise to spurious alteration of the measured sig-
nal [90]. Namely, reaching submolecular spatial resolution of KPFM signal is possible
only in the very close distance regime, where the acquired signal is governed by the
complex interplay of local electrostatic fields of tip and sample, their polarization, the
bending of the probe and the presence of conductance through the tunnelling junction.
This prevents precise determination of the charge distribution within a single molecule
with the traditional KPFM technique.

Therefore there is strong demand to establish a new technique, which overcomes, at
least partially, the drawbacks of the KPFM technique. We introduced an alternative
measuring protocol that allows removal of the aforementioned artifacts of KPFM [90].
The method of detecting charge distribution, which is based on measuring the Kelvin
probe force spectroscopy (KPFS) for two different voltages applied to the scanning
probe. Namely, we investigated trimeric perfluoroortho-phenylenemercury (F12CisHgs)
and its derivate, which contains hydrogen instead of fluorine atoms (H;3CisHgs) on
periphery of the molecule. Consequently, different electronegativity of hydrogen (H)
or fluorine (F) gives rise to different bond polarization between carbon and hydrogen
atoms (C-H) and fluorine (C-F), respectively, as shown on Figure

2.4.2 Mapping the electrostatic potential from image distor-
tions

Recently, we introduced a new method [46], which exploits deformations occurring in
the high-resolution AFM/STM images due to the electrostatic interaction, as depicted
schematically on Figure 2.5] It has clear theoretical interpretation at the very close
distance required to achieve sub molecular resolution. Furthermore, the method enables
simultaneous acquisition of the electrostatic field together with information about the
chemical structure of the inspected molecule, as shown on Figure [2.12
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Figure 2.12: Determining the electrostatic field above a close-packed PTCDA
layer. (a,b) experimental high-resolution AFM images of a self-assembled monolayer
of PTCDA deposited on Ag(111) obtained with two different Xe tips. (c) simulated
AFM image using an effective charge () = 0.0 e and the effective lateral stiffness k =
0.16 Nm~!. (d) same as (c), but with @ = +0.3e and k¥ = 0.20 Nm~!. (e,f) the
experimental images superimposed with a deformation grid defined by comparing the
corresponding sharp features between the two images in (a) and (b). (g) electrostatic
potential calculated from the deformation field (grey arrows). (h) calculated Hartree
potential from DFT simulations 3.0 A above the molecular layer.

The new method can determine the electrostatic field on a single molecule from
distortions of high-resolution images acquired with scanning probes. In this particu-
lar case, the outermost atom/molecule of the probe is significantly displaced during
scanning by the electrostatic field of the probed molecules, very similar to an arm of
the classical electroscope. Consequently, the movement of the front atom on the probe
induces the distortions of the positions of atoms and bonds seen in the high-resolution
images taken by means of AFM, like the deformation of images of stars and galaxies
in astronomical photographs due to the strong gravitational field (i.e. the Einstein
gravitational lensing). We employed the degree of the observed deformation to the
reconstructing the electrostatic field in the vicinity of the investigated molecules, as
shown on Figure [2.12

The method provides certain advantages over KPFM method, improving substan-
tially the spatial resolution of the detected electrostatic field. Moreover, the method
enables us to obtain simultaneously the electrostatic field together with information
on the chemical structure of the inspected molecule. Moreover, the principle of the
method may be utilised in the future for mapping other force fields around molecules,
such as magnetic fields. On the other hand, it relies on the presence of the sharp edges,
which limits the resolution outside of single molecules.

2.5 Tracking on-surface chemical reactions

Despite the advances of the on-surface chemistry to form molecular assemblies (see
e.g. [91], 92 93] 04] , detailed understanding of elementary reaction steps including
identification of intermediates and final chemical products has been a challenge for
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many years. This situation dramatically changed with the invention of high-resolution
SPM imaging. In their seminal work, D. de Oteyza et al. [20] demonstrated that
individual reactants, intermediates and final products of thermally induced enediyne
cyclization reactions can be identified with unprecedented resolution. This provides the
unique insight into pathways of on-surface chemical reactions, which cannot be achieved
by other techniques. This breakthrough initiated large activities in studying chemical
reactions on both metal and insulator surfaces. For example, it allowed the study
of the reversible generation of individual polycyclic aryne molecules [24] or covalent
fusion of tetrapyrroles to graphene edges [95]. We performed combined experimental
and theoretical study of regioselectivity in formation of organometallic complexes [96].

The technique also became invaluable in characterization of growth processes of
graphene nanoribbons [97, 98], 99, 100} [L01] or other 2D materials [102], supramolecular
structures [89, 53] or covalent networks [103].

2.5.1 Self-assembling of ferrocene derivates on different sur-
faces

CuN/Cu(110)

Ag(111) Cu(110)

Figure 2.13: Different adsorption of FcDA molecules on various surfaces
Constant height AFM images of 1,1’-ferrocene dicarboxylic acid (FcDA) molecules on
different Ag(111), Cu(110) and CuzN/Cu(110) substrates.

Ferrocene-based molecules are extremely appealing as they offer a prospect of
having built-in spin or charge functionality. However, there are only limited num-
ber of studies of the structural and electronic properties on surfaces so far. We
investigated the self-assembly processes of 1,1’-ferrocene dicarboxylic acid (FcDA)
molecules (C1oHygFeOy) on both metallic (Ag(111), Au(111), Cu(110)) and insulat-
ing (CuzN/Cu(110)) surfaces with high-resolution nc-AFM/STM, XPS and NEXAFS
[T04]. The experimental evidence is corroborated with total energy DFT calculations
and nc-AFM simulations. We found very different behavior of FcDA molecules on no-
ble metal (Ag,Au) and Cu-based surfaces. On the Ag(111) and Au(111) surfaces, the
FcDA molecules interacts weakly with the substrate forming a complex self-assembled
pattern. We were able to determine the molecular arrangement of the self-assembled
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molecular layer, see Figure [2.13] combining the high-resolution nc-AFM images with
CO-decorated tip, total energy DFT calculation and the simulation of nc-AFM images.

In the case of Cu(110) and CusgN/Cu(110) surfaces, FcDA molecules undergo a
dehydrogenation of carboxylic groups. As a consequence, the FcDA are strongly bound
to the substrate via oxygen atoms. On Cu(110), the FcDA molecules tend to organize
into relatively dense islands with internal disorder. The character of this structure
reveals surface-mediated attractive interaction between the molecules. On the other
hand, we observe mostly random distribution of FcDA molecules on the CuzN/Cu(110)
surfaces. Our study indicates that the FcDA adsorption takes place most likely on Cu
atoms residing near the native N-vacancies present in the CuzN/Cu(110) layer. Thus
our study indicates that the Cu in general has critical influence on the stability of the
carboxylic group.

2.5.2 Resolving transformations of molecules and their chiral-
ity on surfaces
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Figure 2.14:  Schematic view of the chirality-preserving transformation of

molecules deposited on a solid surface (A) using a temperature-controlled
chemical reaction (T;). This reaction allows to get the same chirality of adsorbed
molecules across the whole monolayer (green frame). Importantly, this chiral arrange-
ment cannot be reached by simple deposition of the prochiral molecules onto the surface
(B and C).

Chirality is a geometrical property of an object (usually a molecule or ion) that
cannot be matched with its mirror image. Chirality plays a key role in nature and
can be demonstrated for example on the relationship of right and left hand, which
are not identical in terms of symmetry. The phenomenon of chirality is important
in many areas e.g. stereoselective reactions, self-assembly of molecules, biological pro-
cesses (where proteins, nucleic acids or polysacharides are involved), the polarization of
light or electron spin. Control of chirality in chemical reactions in solutions represents
one of the greatest achievements of organic chemistry in the last fifty years. Molecules
that are not chiral in solution or gas phase (i.e. prochiral), may become chiral un-
der certain conditions, specifically after adsorption to a solid surface, when a so-called
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chiral adsorbate is formed. The whole array of such molecular adsorbates is natu-
rally racemic as spontaneous global mirror-symmetry breaking is disfavored, as shown
schematically on Figure In our recent work, we demonstrated a chemical method
of obtaining flat prochiral molecules adsorbed on the solid achiral surface in such a way
that one adsorbate handedness globally dominates. We observed a chemical transfor-
mation of individual molecules on silver surface and demonstrated chirality transfer
during the reaction [27]. We employed the high-resolution AFM imaging, which al-
lows us to determine their molecular structure and the chirality. We have proven the
possibility to prepare an extensive two-dimensional molecular layer of chosen chirality.
This achievement represents the first practical demonstration of the possibility that
prochiral molecules at solid surfaces occupy either right or left-handed orientation on
purpose.
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Figure 2.15: Determination of intermediates and final products of the chemi-
cal reaction. Molecular structures of polyaromatic molecules obtained during different
stages of the chemical transformation on a crystalline silver surface (a-c). The accu-
rate determination of the chemical structure of the individual products was carried out
using scanning probe microscopes with high spatial resolution (d-k,l-0). The cascade
of chemical reactions transforming the initial helicene molecules (DBH) into various
intermediates and final products is schematically illustrated in (p).

Namely, we achieved that the adsorbed molecules adopted a single chirality in their
whole monolayer, by using a thermally controlled chemical transformation of chiral
helical molecules, so-called helicenes, to planar polyaromatic molecules (see Figure
2.14). The transformation was made on a surface of a silver crystal. Moreover, we
could accurately determine a sequence of multi-step chemical transformations of the
molecules using atomic force microscope that operates at temperatures close to the
absolute zero and under conditions of ultra-high vacuum. We managed to identify
both intermediates and final products of the cascade of chemical reactions, employing
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the unique submolecular resolution that allowed the direct deduction of the molecular
structures of the relevant molecules (see Figure [2.15)]).

This work represents a novel approach enabling in-depth studies of chemical re-
actions on solid state surfaces and a precise determination of the chemical structure
of molecules, with the possibility to track conversions of their chirality. The original
method opens up new possibilities for the preparation of well-defined chiral surfaces
that have significant potential for use in the field of heterogeneous catalysis, sensors of
chirality, molecular electronics, spintronics, photonics and biochemistry.

2.6 Measuring weak interactions and the electron
transport between molecules

The possibility to decorate a molecule or noble gas atom on tip apex may not only serve
for obtaining high resolution, but can be used to study the interaction between selected
functional groups of molecules or individual atoms. Indeed this possibility was recog-
nised very early by P. Liljeroth and colleagues [28], who performed force spectroscopy
measurements between two CO molecules, placed on the surface and tip, respectively.
The force spectroscopy measurements [48] provide direct access to interaction energies
between two outermost atoms/molecules located on surface and tip as a function of
the distance between the studied objects. This kind of information is hardly accessible
by other experimental techniques. Thus it opens completely new perspectives to study
weakly interacting systems and to establish well-defined benchmarks for theoretical
methods describing the weak interactions. Several new studies including experimental
and theoretical measurements have appeared recently [105] 29] B30].

The force spectroscopy technique can be easily extended into 3D force volume
mapping [106, 107, 108], where the spectroscopy curves are measured systematically
on a pre-defined grid on the surface. The 3D-mapping procedure is able to provide
detailed spatial variation of the interaction force between tip and sample [109]. From
this perspective, it can analyse not only strength but also directionality of the bond
established between tip and sample. It has been shown that 3D force spectroscopy
with functionalized tips may provide the interaction potential between the molecule at
the tip and the one at the sample [28] [36]. Combining the species-specific selectivity of
the custom designed tips with the ability to quantify tip-sample interactions with site-
specific accuracy opens new opportunities for the study of the non covalent bonding
mechanism between two constituents in a very controlled way.

2.6.1 Formation of molecular contacts: AFM/STM and DFT
study

We carried out combined experimental and theoretical study the forces between two sin-
gle molecules brought into contact, and their connection with charge transport through
the molecular junction using non contact AFM, STM, and DFT simulations [29]. A
carbon monoxide molecule approached to an acetylene molecule (CyH,) feels initially
weak attractive electrostatic forces, partly arising from charge reorganization in the
presence of molecular dipoles located on molecule on tip and surface, respectively. The
electrical polarization of the molecules rises as they are brought into contact, leading to
a gradual increase in the local contact potential difference. We found that the molec-
ular contact is chemically passive, and protects the electron tunneling barrier from
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collapsing, even in the limit of repulsive forces. In the close distances, repulsive forces
cause the bending of the CO molecule and the decrease of the stiffness of the junction.
In addition, the lateral bending of the CO molecule on tip modifies significantly trans-
mission channels within the tunnelling junction. We also identified subtle conductance
and force variations at different contacting sites along the CyH; molecule attributed
to a weak overlap of their respective frontier orbitals.
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Figure 2.16: Process of picking up CO molecule form Ag(111) surface to
tip apex (a) STM constant-current topography image (sample bias Vys = 5mV,
tunnelling current I; = 10 pA) of CO on Ag(111) taken with a non funcionalized tip.
(b) STM constant-current topography image (Vyias = 5 mV, I; = 10 pA) after picking
up a single CO atom by approaching the tip towards the CO molecule which was
located at the position identifed by a dotted circle. ¢) Characteristic AFM contrast
after placing CO on the tip apex.

2.6.2 Interaction between CO-CO molecules

Proper theoretical description of the weak vdW interaction, despite the large effort,
still remains elusive and is intensely investigated. We intentionally prepared and inves-
tigated the interaction between two CO molecules deposited on Ag(111) surface and tip
apex by a high-resolution 3D mapping and molecular manipulation with the AFM tech-
nique, see Figure [2.16, We determined the interaction energies using high-resolution
AFM imaging and compared them to the total energy DFT-vdW calculations.

We used the force-distance spectroscopy data, acquired with functionalized CO-tips,
to gain direct access to the weak interaction forces acting between the functionalized
tips and CO molecules on surface. Such information provides a unique opportunity
to benchmark the available theoretical methods employed to describe the vdW inter-
action. We compared directly various vdW methods to the experimental energy vs.
distance data. First we analysed reproducibility of the measurement and showing the
size of error we have during measurement. Namely, we analyzed in detail the interaction
energy between two CO molecules. To do that, we acquired several force-distance spec-
troscopy taken with different CO-terminated tip above a single CO molecule absorbed
on the Ag(111) surface to get reliable statistics. We found that the average binding
energy is about 0.27 kcal/mol, varying between 0.21 kcal/mol and 0.38 kcal/mol ac-
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cording to CO-terminated tips. The direct access to the interaction energies between
two well defined CO molecules, gives us the unique opportunity to benchmark differ-
ent vdW-functionals. Thus we can compare the total energy DFT calculations using
different vdW approximations [110, 111], T2} 113] against the available experimental
data as summarized on Figure [2.17]

Same CO-tip same CO Different CO-tip different CO Experiment vs. Theory
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Figure 2.17: Experimental and theoretical interaction energies between two
CO molecules placed on Ag(111) surface and metallic tip apex, respec-
tively. a) Variation of the interaction energy of the same CO-tip with different CO
molecules deposited on Ag(111) surface; b) Variation of the interaction energy between
different CO-tips and CO-molecules on Ag(111) surface; ¢) Comparison of an average
experimental interaction energy (evaluated from b)) with calculated total energies vs.
distance using different DFT-vdW functionals [110} [1TT], 112} 113].

So far, this technique has been applied to previously established systems such as
noble gases (Xe, Kr) or CO molecules. With a bit of ambition, one can think about di-
rect measurement of different kinds of non covalent interactions, such as hydrogen, 7 or
halogen bonds. For example halogen chalcogen, and pnictogen bonds are now subject
to intensive research in chemistry, but our understanding relies mostly on sophisticated
but computationally demanding quantum chemistry methods. The possibility to di-
rectly measure interaction energy of selected functional groups with the o-hole of a
halogen atom, or even better to directly image the o-hole by a functionalized tip, rep-
resents an invaluable source of information, and also may establish solid benchmarks
for the high-level theories.

The hydrogen bond is another class of non-covalent bond of ita existence, which
again becomes the center of recent interest to scientists for its importance in biological
systems. After nearly 100 years of existence, the hydrogen bonds got a new definition
[114], which reflects these new developments and insights. From this perspective, the
possibility to directly measure not only its strength but also directionality of non
covalent bonds could bring more valuable information about their behaviour.

The main obstacle in the cases discussed above is not in the measurements, but
rather a more suitable design of functional groups/molecules We need not only molecules
which remain stable upon deposition in UHV environment, but that can also adopt the
most favorable mutual orientation when placed on tip and surface. Apparently, this
task requires close cooperation with gifted chemists.
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Chapter 3

Conclusion and Outlook

In conclusions, we advanced substantially our understanding of the mechanism of
high resolution imaging with functionalized tips. We devised robust theoretical de-
scription of the high-resolution atomic force microscopy (AFM) scanning probe mi-
croscopy (STM) and inelastic electron tunnelling spectroscpy (IETS) imaging, which
not only explains the contrast but it also provides an efficient modelling tool of AFM
[32, B1), 57, [46], STM [32, 44] and IETS-STM [31] images. We developed a simula-
tion package, which is freely available on internet and used by many groups around
the world nowadays [39]. In addition, we mastered experimentally the high-resolution
SPM imaging with different functionalized tips. This allowed us to study e.g. novel
chemical reactions on surfaces [27] or measure weak vdW interaction between indi-
vidual molecules (carbon monoxide) or noble gases (Xe). For the first time, simul-
taneously AFM/STM/IETS-STM images of molecules with sub molecular resolution
were acquired. This opens new possibilities for complex characterization of molecular
systems including chemical identification. A new method that allows one to achieve
sub-molecular resolution even at room temperature with standard tips was presented
[67]. Two new methods, which allow mapping charge distribution within molecules on
surfaces with unprecedented spatial resolution, were developed. The first method allows
us to resolve the polarity of individual chemical bonds in a single molecule [90]. The
second method determines the electrostatic field on a single molecule from distortions
of high-resolution images acquired with scanning probes [46]. We demonstrated that
the elements within an organic molecule can be discriminated on the atomic level by
acquiring 3D frequency shift data with a carbon monoxide terminated tip, combined
with DFT and molecular mechanics calculations [58]. We studied a chemical trans-
formation of individual molecules on a metal surface [96] and demonstrated chirality
transfer during the reaction [27].

The invention of high-resolution imaging techniques has initiated novel research
lines and substantially advanced our possibilities to characterise molecules and nanos-
tructures on surfaces under UHV conditions with the unprecedented spatial resolution.
The detailed understanding of the underlying imaging mechanisms has allowed their
exploitation providing new possibilities not only for imaging chemical structure of sin-
gle molecules on surfaces but also to obtain valuable information about their chem-
ical and physical properties. Nowadays the basic mechanism of the high-resolution
AFM/STM and IETS-STM images is fairly well understood. Furthermore, the un-
derlying mechanism can be adopted to explain enhanced contrast observed in other
scanning probe modes such as contact STM, liquid nc-AFM or electrochemical STM.
These days, the high-resolution AFM/STM/IETS-STM techniques are well established
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and adopted by many research groups around the world. Many groups have mastered
these techniques providing many exciting results in different fields. Several challenges
remain open, such as spin resolution, chemical sensitivity, imaging complex non planar
molecules etc. Nevertheless, these techniques have boosted new research lines, which
were unimaginable before their development in just the last decade. In just this short
period, it has become not only an indispensable tool in solving critical problems of fun-
damental science, but has also found industrial applications. Therefore we can expect
many new discoveries and surprises, as yet unforeseen today.
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