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General introduction

Over the last few years, an increasing demand for performance improvements and low
energy consumption has led to a race towards miniaturization. In 1959, professor Richard
Feynman gave a visionary lecture at the American Physical Society meeting in Caltech
which was entitled: “There’s plenty of room at the bottom” [1]. He already envisioned the
evolution from the milli or micrometer scale down to the nanoscale. In the electronics field
for example, the size of the transistors on microprocessors has been drastically reduced
to improve the transistor density on the chips and thus increasing the performance of the
devices. The size of the devices has been successively reduced to few tens of nanometers
and is now facing technological and physical limitations. Lots of research efforts are put
into the research on nanodevices to pursue the miniaturization down to the nanoscale by

two main approaches.

The first approach, called “top down”, consists in starting with bulk material and then
to remove some material to engineer nanostructures. Among all the top down techniques,
photolithography has been widely developed, essentially in the semiconductor and in
the electronics industry. It basically consists in exposing a wafer with light through
a patterning mask. Intel successfully developed commercial processors using lithography
with transistors size down to 14 nm [2]. This technique shows however important physical

and technological limitations.

The second approach called “bottom up” consists in assembling elementary build-
ing blocks together to create nanostructures. These building blocks can be of different
size and different nature such as organic molecules, metal atoms, or ionic compounds
for example. The size of the molecular building blocks usually ranges from Angstroms
to several nanometers. It is possible to use atomic lateral manipulation techniques to
move these building blocks on a surface. However, due to their size, it is impossible to
build nanostructures over large areas using these manipulation techniques. One of the
solutions to overcome this problem is to take advantage of the self-assembly properties of

specific molecules. These self-assembly properties are driven by the interactions between
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0. GENERAL INTRODUCTION

the building blocks. Jean-Marie Lehn together with Donald Cram and Charles Peder-
sen were awarded the Nobel prize in chemistry in 1987 “for their development and use
of molecules with structure-specific interactions of high selectivity”. They took advan-
tage of intermolecular interactions to build 3D organic nanostructures or supramolecular

assemblies.
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Figure 1: lllustration of top down and bottom up approaches [3]

The idea of two-dimensional self-assembly is to engineer supramolecular assemblies
but this time on surfaces. Non covalent 2D organic self-assembly relies on reversible
intermolecular interactions such as hydrogen bonds or halogen bonds. The strength,
selectivity and directionality of such interactions can be used to precisely engineer 2D
nanostructures. Tuning the building block geometry, molecular functions, coverage as
well as the underlying surface material and temperature thus allow the formation of
nanoarchitectures with different structures but also with particular electronic properties.
Indeed, the electronic properties of materials strongly depend on their structure at the
nanoscale. Due to the low strength of the interactions involved in the 2D self-assembly
process, the corresponding structures may suffer from limited thermal stability at very

high temperature for example.

Another strategy to generate more stable nanostructures is to build 2D nanoarchitec-
tures stabilized by covalent bonds. Graphene is the archetypal 2D material composed
of covalently bonded carbon atoms and has gained tremendous interest over the last few
years, especially after the 2010 Nobel prize. Graphene especially exhibits very high carrier
mobility [4]. However, it strongly suffers from the absence of bandgap. The ability to

process a porous graphene layer with a controllable hole-superlattice would for example

v



lead to the realization of a 2D semiconducting carbon-layer with a significant and tunable
energy band gap [5]. Controlling and tuning the formation of C-C covalently bonded 2D
nanostructures is thus a promising approach to build materials with new electronic prop-
erties. One way to covalently bind the building blocks together is to take advantage of
on-surface reaction of specific precursors to build surface-confined two-dimensional nanos-
tructures. This approach has gained interest only very recently and the so-synthesized

nanostructures suffer from defects due to the irreversibility of the C-C bond.

The objective of this project was to engineer novel two-dimensional organic nanostruc-
tures and investigate their properties. To that extent, novel 2D self-assembled nanostruc-
tures stabilized by hydrogen bonds, halogen bonds and hybrid ionic-organic interactions
are engineered and characterized. Another approach consisting in engineering robust
porous 2D covalent nanostructures by on-surface reaction is investigated for two different

molecular precursors.

Scanning Tunneling microscopy (STM) is used to characterize both 2D covalently
bonded nanostructures and self-assembled organic nanostructures. STM allows the char-
acterization of the topology and the electronic properties of these organic nanostructures
with capability of atomic resolution in the real space. Information on the local arrange-
ment of the molecules and on the structure of 2D covalent nanoarchitectures is thus
revealed using this powerful technique. These STM measurements are suplemented by
X-ray Photoelectron Spectroscopy (XPS) measurements made at the Soleil Synchrotron.
XPS allows the characterization of the chemical composition and environment of the 2D

organic structures with a very high surface sensitivity.

This manuscript is divided in seven chapters and two additional appendices.

The first chapter introduces the concepts of 2D molecular self-assembly and self-
organization on surfaces and gives examples and important results. A description of
the molecular self-assembly process and of the intermolecular interactions involved in the
self-assembly process will be given. Self-assembly engineering will be presented through
various parameters which can be used to tune the resulted nanoarchitectures. Finally,
on-surface covalent nanostructure engineering by Ullmann coupling reaction will be ex-
plored.

The second chapter introduces the experimental techniques and set-up used during
my PhD. Scanning Tunneling Microscopy (STM) will be presented as well as the UHV
experimental set-up at CEA Saclay. Au(111) reconstructed surface will also be described.

The third chapter will focus on the influence of local arrangement on the electronic
properties of organic thin films. The case of two-dimensional self-assembly of perylene

derivative molecules on Au(111) surface will be investigated.

v



0. GENERAL INTRODUCTION

In the fourth chapter, a new type of hybrid self-assembly involving molecules and ionic

materials (perylene derivative and sodium chloride) will be investigated.

The fifth chapter deals with the competition between on-surface Ullmann coupling
and halogen-halogen bonded self-assembly in the case of star-shaped iodinated molecules
driven by the diffusion on Au(111) substrate.

In the sixth chapter, the temperature dependent hierarchical on-surface formation of
2D porous covalent nanostructures by Ullmann coupling will be investigated through the

example of six-brominated star-shaped molecules on Au(111) surface.

Finally, chapter 7 gives a general conclusion, sums up all the results presented in the

previous chapter and gives potential prospects.

vi
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Chapter 1

Two-dimensional organic
nanostructures based on molecular
self-assembly and on-surface

reactions

The objective of this chapter is to present the fundamental concepts and results of
two-dimensional organic nanostructures engineering. First, the molecular self-assembly
process will be described with the main intermolecular interactions involved in this pro-
cess. Then, parameters to potentially tune or tailor 2D self-assembled nanostructures will
be studied. Finally, the last section will deal about 2D organic covalent self-organizations

synthesized by on-surface Ullmann coupling reaction.

1.1 Creating molecular nanoarchitectures using self-

assembly

1.1.1 Molecular self-assembly process

Molecular self-assembly can be defined as a process by which molecules, considered as
nanosized building blocks, form organized structures. The self-assembly process is spon-
taneous and does not require guidance, hence the adjective “self”. Self-assembly is a key
concept in supramolecular chemistry and can be used to engineer complex nanostructures
on various surfaces [3, 6, 7, 8, 9, 10]. This process originates from the complex balance be-
tween molecule-molecule interactions and molecule-substrate interactions. Intermolecular

interactions originate from both attractive and repulsive forces that can occur between

1



1. TWO-DIMENSIONAL ORGANIC NANOSTRUCTURES BASED ON
MOLECULAR SELF-ASSEMBLY AND ON-SURFACE REACTIONS

the active sites (functional groups) of the building blocks. Many kinds of intermolecular
interactions such as hydrogen bonds, halogen bonds, Van der Waals interactions, metal-
organic interactions, etc... can be used to drive molecular self-assembly. Depending on
the strength of these interactions (Table 1.2), a whole process of bond breaking / bond
formation occurs until an equilibrium is reached. This ability, often called “self-healing”,
allows the growth of molecular films with low defect amount. Molecule substrate inter-
actions also have to be taken into account. If the molecule-substrate interactions are too
strong, the molecules would be trapped and would not move on the surface, thus pre-
venting intermolecular interactions to drive molecular self-assembly. Molecular building
blocks should be able to diffuse on the surface and this diffusion is mostly governed by

the temperature.
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Figure 1.1: Scheme of two-dimensional organic self-assembly process on a surface (adapted
from ref [11]). A molecular beam is directed toward the surface. Molecules (called here
tectons) are then adsorbed on the surface (energy gain Eyq) and may rotate (energy barrier
E.) or diffuse (energy barrier E,). Molecules can interact with each other through their
active sites by various kinds of interactions (energy gain E,s) and form stable organized

organic structures.



1.1 Creating molecular nanoarchitectures using self-assembly

The principle of two-dimensional molecular self-assembly was previously described by
Barth [3, 11, 12]. First, a molecule arrives on a surface and is adsorbed on a specific site,
associated with an energy gain E,q4 (Figure 1.1) . From this site, molecule can either move
on the surface (with an energy barrier E,,) or rotate (with an energy barrier E,). The
thermal motion of the adsorbate is mediated through the coupling with thermal phonons
of the substrate having a typical frequency (v;) of 10 - 10'3 s7! and a typical vibrational
amplitude of ~ 0.1A for surface atoms at room temperature. Two kinds of situations
should be considered [13]:

o If kT <« E,, (kp being the Boltzmann constant and T the temperature), the
molecules are trapped in their adsorption sites and self-assembly cannot occur. This
situation is typically occurring at cryogenic temperatures (below 4K) on metal sur-
faces or on some semiconductors at room temperature at a certain time scale. If
a much larger time scale is considered, upon continuous energy exchange with the
substrate, a molecule might rarely accumulate enough energy to overcome the lat-
eral barrier and to jump to another adsorption site. These jumps are assumed to

be uncorrelated and a hopping rate can be defined as:

Iy =vsexp (;E;> (1.1)
B

Similarly, addressing the rotation motion and given that kT < E,, the rotational

—E,
Frzurexp(k T)
B

e If kT > E,,, the molecules are no longer confined to their adsorption sites and can

rate can be expressed as:

diffuse on the surface following a Brownian motion with a diffusion coefficient given
by:
D= kT (1.2)
ym
where 7 is the molecule-surface friction coefficient and m the mass of the molecule.
This Brownian motion also called random walk only considers that molecule-molecule

interactions are limited to elastic collisions.



1. TWO-DIMENSIONAL ORGANIC NANOSTRUCTURES BASED ON
MOLECULAR SELF-ASSEMBLY AND ON-SURFACE REACTIONS

While diffusing on the surface, a molecule may come close enough to another molecule
to interact with it (energy gain E,q). If the intermolecular interaction energy is too large
with respect to the kinetic energy of the molecules (Eginetic < Eqs), the molecule-molecule
bond created is irreversible. Consequently, there is no more “self-healing” and the most
thermodynamically stable state (associated with the minimum free enthalpy) cannot be
obtained. In contrast, if the intermolecular interactions are too weak (Egineric > Eas),
then intermolecular bonds will be broken instantaneously and no stable structure can be
achieved. If the molecules kinetic energy is much larger than their adsorption energy
(Eginetic > Faa), then the molecules will desorb out of the surface. Indirect substrate-
mediated interactions can also influence the molecular self-assembly process (energy E).

An energy criterion for molecular self-assembly to occur can be expressed as [14]:

Ead>Eas > Ekinetic>Em

Energy range Distance Character
Adsorption E,p~05-10eV ~1.5-3 A Directional, site selective
Surface migration £, ~0.05-3 eV ~2.5-4 A 1D /2D
Rotational motion Eyor ~ dim (Ep) 5 2D
Indirect substrate mediated | £, ~0.001-0.1 eV | & to nanometerrange | Oscillatory
Reconstruction mediated B ~1eV short Covalent

Table 1.1: Classification of interactions involved in the self-assembly process for molecules

on metal surfaces with associated energies and typical distances [11].



1.1 Creating molecular nanoarchitectures using self-assembly

Self-assembly process is strongly influenced by the ratio between the building block
diffusivity (D) and the deposition flux (F) (Figure 1.2). Small D/F ratio (deposition on
substrate at low temperature for example) leads to kinetically-driven growth of metastable
nanostructures. Under these small D/F ratio conditions, self-organization rather than
self-assembly process stricto sensu is occurring since thermodynamic equilibrium is not
reached. In contrast, for large D/F ratios, the adsorbed species have enough time to
explore the potential energy surface so that the system reaches a minimum energy con-

figuration.

high flux F

L+ ]
diffusion-limited (&)
self-organisation o (#)

o° o

high diffusivity D

equilibrium
self-assembly

e =

kinetics thermodynamics

Figure 1.2: Scheme illustrating the difference between self-organisation (small D/F) and
self-assembly (large D /F) processes. [14].

In conclusion, under specific conditions, molecular building blocks can diffuse on the
surface. They can then interact with each other through a large range of interactions
and spontaneously form stable organic structures with low defect rate. Depending on the
nature of the molecules active sites (or molecular functions), different kinds of interactions
(associated with different energies E,;) will come into play. Typical interactions involved

in the molecular self-assembly process will be described in the following section.



1. TWO-DIMENSIONAL ORGANIC NANOSTRUCTURES BASED ON
MOLECULAR SELF-ASSEMBLY AND ON-SURFACE REACTIONS

1.1.2 Molecular building blocks interactions

Different intermolecular interactions can occur between molecular building blocks.
Each interaction has specific characteristics: the energy range (strength), the typical
range (meaning the distance between the chemical groups for that interaction to occur)
and also the eventual directionality and/or selectivity properties (Table 1.2). In this sec-
tion, Van der Waals interactions, halogen-halogen bonds, hydrogen bonds, metal-organic
interactions, ionic-organic interactions and covalent bonds will be presented. The advan-
tages and the drawbacks of these interactions will be compared in the context of molecular

self-assembly or self-organization abilities.

Interaction Energy range (eV) Distance Character
Van der Waals ~ 0.02 — 0.1 <Inm Non selective
Hydrogen bonds ~ 0.05 — 0.7 ~ 1.3 —3.5A | Selective, Directional
Metal-ligand interactions ~05—2 ~ 1.5 —2.5A | Selective, Directional
Electrostatic ionic ~ 0.05 — 2.5 Long range Non selective
Covalent bonds ~15—52 ~ 0.74 — 2.28A Directional

Table 1.2: Main intermolecular interactions characteristics and strengths [11]

1.1.2.1 Van Der Waals interactions

Van der Waals interactions, named after the Dutch scientist Johannes Diderik Van der
Waals, are a combination of interactions between atoms or molecules that can be either
attractive or repulsive. They originate from the quantum fluctuation of the electron clouds
of neighboring particles. Van der Waals interactions can be decomposed in four separate

components arising from different physical interactions:

e Repulsive force that takes into account Pauli’s exclusion principle and thus pre-

vent molecules or atoms to collapse.
e Keesom interaction resulting from the interaction between two permanent dipoles.

e Debye interaction resulting from the interaction between a polar molecule and a

nonpolar molecule (that becomes polarized).

e London interaction (dominant interaction) that results from the interaction of a
fluctuating dipole (due to the fluctuation of the electron clouds) with an induced

dipole.



1.1 Creating molecular nanoarchitectures using self-assembly

These interactions are quite weak (= 0.02 — 0.1 V) but are also non-selective and non-
directional (Table 1.2). Numerous examples of two-dimensional nanostructures stabilized
by Van der Waals (VAW) interactions have been reported. Schock et al. [15] reported
an example of two-dimensional organic self-assembly of (HtB-HBC)! on Cu(110) surface
studied by STM under Ultra High Vacuum (UHV).

Figure 1.3: STM images (10x 10 nm?) of the two mirror-symmetric domain orientations
for HtB-HBC molecules on Cu(110). Models of the HtB-HBC molecules are superim-
posed on the experimental STM image (lower-left corners). The correspondence with a
simple close-packing of star-shaped objects is shown in the upper-right corners, where the
handedness of the networks is described. The blue arrows show the 5° rotation of the
molecular azis with respect to the close-packed [110] direction of the Cu(110) substrate
(white arrow) [15].

These 6-star-shaped molecules possess six tertbutyl arms and are only made of carbon
and hydrogen atoms. Once evaporated on Cu(110) surface in UHV, these molecules spon-
taneously adopt a regular arrangement (Figure 1.3). Detailed analysis shows that HtB-
HBC molecules self-assemble into two enantiomeric close-packed networks (respectively
Figure 1.3a and Figure 1.3b). These nanostructures correspond to the two enantiomeric
geometries of close-packed six-star-shaped molecules in two dimensions (organizational
chirality). These close-packed arrangements are mirror symmetric with respect to the
Cu(001) plane and the molecular axis forms an angle of +5° with the Cu[110] direc-
tion. In such close-packed arrangement, molecules are interdigitated, meaning that the
tertbutyl “arms” or “legs” of neighboring HtB-HBC molecules are very close to each

other, maximizing the contact area. The nanoarchitectures are thus stabilized by the

12.5,8,11,14,17-hexa-tertbutylhexabenzo[be, ef, hi, kl,no, gr|coronene
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VAW interactions between these “arms”. Moreover, it should be noted that all the mea-
surements presented here were taken at low temperature (120-170K). Chiral structures
stabilized by VAW interactions were also reported by Xiao et al. [16] observing 1,3,5-
trikis(4-carboxylphenyl)-2,4,6-trikis(4-tert-butylphenyl)-benzene on Au(111) surface at a
temperature of 50K.

As demonstrated by these results, one can take advantage of Van der Waals interac-
tions in order to trigger molecular self-assembly. However, VAW forces are not directive,
non-selective and very weak. This is why intense research effort has been focused on

stronger and directive intermolecular interactions, like hydrogen bonds.

1.1.2.2 Hydrogen bonds

According to the ITUPAC! definition [17],

The hydrogen bond is an attractive interaction between a hydrogen atom from
a molecule or a molecular fragment X-H in which X is more electronegative
than H, and an atom or a group of atoms in the same or a different molecule,

in which there is evidence of bond formation.

The hydrogen bond involves two elements: one hydrogen atom with a positive partial
charge and another atom with a negative partial charge. The hydrogen atom is covalently
bonded to a more electronegative atom. Therefore, the electronegative atom attracts
the electron cloud and the hydrogen atom holds a positive partial charge (local dipole).
This positively charged hydrogen can interact with another negatively charged atom from
the same molecule or from another one. This interaction is much stronger than VAW
interactions (Table 1.2). Contrary to VAW interactions, hydrogen bonds (or H-bonds)
are highly directive. This means that a H-bond between two active sites can only be
established along a specific direction or orientation, thus constraining the geometry of the
arrangement. This is a very important property in order to engineer organized nanoarchi-
tectures. This interaction or bond can only occur between a partially negatively charged
group and a positively charged hydrogen atom. Consequently, this interaction is also
selective. Among the examples of H-bonds, one can cite the H-bonds stabilizing water

molecules or the H-bonds bridging the nucleotides together in our helix DNA structure.

Numerous two-dimensional organic self-assembly on metallic surface stabilized by H-
bonds were reported so far [19, 20]. For example, Lukas et al. [18] reported the growth

of highly ordered two-dimensional nanostructure after evaporation of adenine molecules

'International Union of Pure and Applied Chemistry
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1.1 Creating molecular nanoarchitectures using self-assembly

Figure 1.4: (a) STM image (7x7 nm?) of two-dimensional self-assembly of adenine
molecules on Au(111). Adenine molecules form a periodic structure associated with lattice
parameters dy=15.6 A ,dy=12.5 A and an angle of around 42° between the two neighbor-
ing unit cells. (b) Molecular model derived from STM images showing that each adenine
molecule in this structure is stabilized by double N-H--- O bonds (black dotted lines) with
its three closest neighbors [18].

on Au(111) surface. High resolution STM observation (Figure 1.4a) reveals that adenine
molecules spontaneously form a periodic structure once deposited on Au(111) surface.
Figure 1.4b is the molecular model derived from the STM images proposed by the authors.
This structure consists in the periodic repetition of two hexagons (each containing six
adenine molecules). The molecular model clearly reveals that each adenine molecule in this
structure is stabilized by double N-H--- O bonds (black dotted lines in Figure 1.4b) with
its three closest neighbors. As shown by this example, hydrogen bonds are directive and
selective interactions allowing the formation and stabilization of 2D organic self-assembly.
These interactions are stronger than VAW interactions allowing a better stabilization of
organized nanostructures. Intermolecular interactions between neighboring halogen atoms

were also reported to stabilize 2D nanoarchitectures on surface.
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1.1.2.3 Halogen-halogen interactions

Halogen bonds are attractive highly-directional interactions between covalently-bonded
halogen atoms (R-X) and a nucleophile D (like N, O, Cl, Br or I). This interaction orig-
inates from the non spherical charge distribution around the X atoms. The electrostatic
potential on the surface of X atoms (Cl, Br, I) is positively charged 0T at the extremity
of the X atom in the bond direction (¢ hole). A belt around the bond axis appears to
be negatively charged 0~ (Figure 1.5a) [21]. Due to this spatial inhomogeneity, halogen
atoms tend to bind in a linear arrangement with nucleophiles and in a side arrangement

with electrophiles.

Among the halogen bonds, halogen-halogen (C-X- - - X-C) interactions are a particular
kind of interaction. Their strength is similar to hydrogen bonds [22]. Depending on the
geometry of the C-X- .- X-C bonds, two different types of interactions were observed and
studied by Bui et al. [23]. The so-called “Type-I” interaction corresponds to a geometry
for which the C-X. - - X-C angles, called here respectively ¢, and 6, are equal (Figure 1.5b).
This interaction was reported to be VAW interaction type. For the “Type-II" interaction,
typical angles of #;=180° and 0,=90° are reported (Figure 1.5¢). Type-II interaction was
explained taking into account the complex spatial charge distribution around the halogen
atoms in this geometry (Figure 1.5a). It can be understood as an interaction between
nucleophilic and electrophilic regions in adjacent halogen atoms. Oppositely polarized
regions are located in front of each other in the type-1I geometry. This interaction is thus

electrophilic-nucleophilic in nature.

_6 b

C X ><
C +5 C_i X ©2 Y/ \_|
o, \/X\—C O & ¢

Figure 1.5: Halogen-halogen interactions. (a) Polar flattening effect, showing different
atomic radii (1) associated with oppositely polarized regions along perpendicular direc-
tions, (b) Typel interactions 01 =~ 0y (c) Typell interactions (6; = 180° and 0y = 90°).

The strength of halogen-halogen bonds depends on the nature of the X atoms. Cl, I
and Br atoms have different electronegativity and polarizability thus affecting C-X- - - X-
C bond properties [24]. For example, Bosch et al. [25] reported that trihalomesitylenes
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1.1 Creating molecular nanoarchitectures using self-assembly

molecules formed 2D arrangements for both iodine and bromine substituted molecules.
They reported an interaction between three halogen atoms of neighboring molecules form-
ing triangular halogen-halogen-halogen synthon (X3 synthon) (Figure 1.6a). This synthon
is stabilized by electrophilic-nucleophilic interactions between neighboring X atoms (Fig-
ure 1.6b) through type-II halogen bonds. Depending on the halogen substituent, the
halogen-halogen separation distance varies from 0.39 nm for iodine to 0.36 nm for bromine
and chlorine. Molecules with peripheral halogen atoms are promising organic building
blocks to engineer different types of two-dimensional porous carbon-nanoarchitectures
through the formation of intermolecular halogen-bonds [26, 27, 28, 29, 30]. Halogen-
bonded self-assembled nanoarchitectures have been successfully created using molecules
with bromine [31, 32, 33, 34] and iodine substituents [35]. These interactions appear to
be a competitive alternative to hydrogen bonds in the context of molecular self-assembly

due to their strength, directionality, selectivity and tuneability.
d E
\
£
G
\\__-\ c lw 0(
X

b ¢

Figure 1.6: (a) Molecular model of trihalomesitylenes molecules forming 2D self-assembly
stabilized by halogen-halogen interactions.(b) Molecular model showing electrophilic-

nucleophilic interactions in the X3 synthon [25].

1.1.2.4 Metal-organic interactions

Metal-organic bonds, also called metal-ligand interactions, occur between organic moi-
eties (or ligands) and metallic centers. These interactions are usually stronger than H-
bonds (Table 1.2) but also selective and directive. For these reasons, they have attracted

great interest in supramolecular chemistry. Well ordered metal-organic arrangements
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1

%
| %
Figure 1.7:  (a) Molecular skeleton of 4,4-biphenol (ligand number 1) and 1,4;4,1-
terphenyl-4,4-dicarbonitrile (ligand number 2). (b) STM image of porous metal-organic

nanoarchitecture formed after deposition of 1 and Fe adatoms on Ag(111) surface
(I=0.1nA, V=0.5V). (c¢) and (d) respectively high resolution image and molecular model
of a chiral nodal point of the 1-Fe metal-organic nanoarchitecture showing that ligands are
tilted with respect to central Fe.(e) STM image of porous metal-organic nanoarchitecture
formed after deposition of 2 and Co adatoms on Ag(111) surface (1=0.5nA, V=1.9V).(f)
and (g) respectively high resolution image and molecular model of a nodal point of the
2-Co metal-organic nanoarchitecture showing that ligands are pointing directly towards
Co adatom in this structure.[36].

have been reported in one, two and three dimensions [37, 38, 39]. The geometry of
such metal-organic arrangements is in general predetermined by both the ligand proper-
ties (geometry, chemical function, steric crowding) and the electronic properties of the
metallic center involved. Recently, metal-organic interactions have been used to create
organized nanoarchitectures made of organic molecules and metal centers directly on solid
surfaces. Metal-ligand coordination geometry however appears to eventually deviate from
the known “bulk” 3D geometry when deposited on a surface. This can be attributed to
charge transfer or screening phenomena but also to the two-dimensional confinement of

both ligands and metal centers related to the surface [40, 41].

For example, Stepanow et al. [36] managed to engineer several two-dimensional metal-
organic self-assembled nanostructures using two linear ligands with different chemical

groups and metallic atoms. The ligand number 1 (4,4-biphenol) (Figure 1.7a) with two

12



1.1 Creating molecular nanoarchitectures using self-assembly

end phenol groups was deposited on Ag(111) surface together with Fe adatoms. Porous
nanostructures were formed (Figure 1.7b). High resolution images show a three-fold
symmetry around the nodes of the porous architectures (Figure 1.7¢). The authors claim
that the two phenol end groups of the molecule 1 are catalytically deprotonated on the
surface. Deprotonated ligands are forming O-Fe metal-organic bonds and do not point
directly towards Fe center but are tilted clockwise (R) or anticlockwise (S) (see molecular
model on Figure 1.7d) giving rise to a chiral nanoarchitecture. They also deposited
molecule number 2 (1,4;4,1-terphenyl-4,4-dicarbonitrile) (Figure 1.7a) with cyano end
groups on the same Ag(111) surface with cobalt adatoms. They also observed a porous
structure with hexagonal pores and three-fold symmetry at the nodes (Figure 1.7e). High
resolution STM image reveals that cyano groups of molecules 2 are involved in CN-Co
metal-organic bonds. Molecules 2 are this time pointing directly to the cobalt center,
and no chirality is thus observed (Figure 1.7f-g). This is a good example of how metal-
organic nanoarchitectures can be tuned varying the ligands and/or the nature of metal
adatom. Metal-organic bonds can be an alternative to hydrogen bonds because they are

also directive and selective, and most of the time stronger than H-bonds.

1.1.2.5 Ionic-organic interactions

In the review article entitled “Tailoring molecular layers at metal surfaces” [42] pub-
lished in Nature Chemistry in 2010, Bartels listed the intermolecular interactions at sur-
faces. He considered substrate mediated interactions, VAW interactions, H-bonds, metal-
organic interactions and covalent bonds. An interaction is however missing in this review:
the ionic-organic interaction. Ionic salts are stabilized by the electrostatic interaction be-
tween a negatively charged anion and positively charged cation. This interaction is usually
much stronger than H-bond but is also non-directive and non-selective (Table 1.2). Yet,
the interaction between organic molecules and ionic salts on surfaces in UHV was the

topic of only very few research articles until now and is not completely understood.

Wiickerlin et al. [43] reported the first modification of 2D self-assembly induced by
the adjunction of ionic salt in UHV. They evaporated TCNQ! molecules that are strong
electrophiles on Au(111) surface. TCNQ molecules form organized 2D self-assembly sta-
bilized by H-bonds between the cyano groups (Figure 1.8a). After evaporation of sodium
chloride (NaCl), the initial H-bonded self-assembly is modified and a new 2D structure
appears (Figure 1.8b,c). According to the authors, the TCNQ molecules oxidized the
Cl™ ions resulting in neutral dichlorine and negatively charged [TCNQ]~. They report

17.7.8,8-tetracyano-pquinodimethane
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Figure 1.8: STM image of (a) TCNQ layer on Au(111) and (b,c) TCNQ layer on Au(111)
after addition of NaCl [43].

[TCNQ]~ molecules to interact with Na™ ions according to XPS measurements. However,
Na™ ions are not visible in their STM images (Figure 1.8c).

Later, Skomski et al. [44] reported an interaction between carboxylate groups of tereph-
thalic acid (TPA) molecules and sodium ions based on photoemission spectroscopy mea-
surements after deposition of TPA and NaCl on Cu(100) surface (Figure 1.9). In this
case, bright spots are observed between the molecules and were attributed to Na™ ions by
the authors (Figure 1.9¢). The authors also claimed that Cl disappears from the surface
and penetrates into the bulk. Shimizu et al. [45] reported a weak ion-dipole interaction

after deposition of polar diarylethene molecules and NaCl on Cu(111).

Recently, Guo et al. [46] reported a modification of a H-bonded nanoarchitecture
induced by the addition of an ionic salt. Figure 1.10a is an STM image of Ag(100) sur-
face after deposition of PTCDA! monolayer. Molecules are self-assembling in an ordered
phase stabilized by hydrogen bonds. Figure 1.10b is an STM image of the same system
after deposition of 0.1% ML (monolayer) of potassium chloride (KCI). A modification
in the structure is observed after KCI deposition. Figure 1.10c and d are STM images
obtained after deposition increasing amount of KCI (respectively 0.3% ML and 1.5% ML).

13,4,9,10-perylene tetracarboxylic dianhydride
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Figure 1.9: STM images of the Cu(100) surface with TPA and NaCl, after annealing to
160 °C. (a) Large scale and (b) zoom on TPA-Na phase.(c) High resolution image with

superimposed molecular model []4].

,"| ’
!
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Figure 1.10: (a) STM image of H-bonded nanoarchitecture formed after deposition of a
monolayer of PTCDA molecules on Ag(100) surface. (b), (¢) and (d) STM images of
the same system after deposition of an increasing amount of KCI (respectively0.1% ML,
0.3% ML and 1.5% ML). H-bonded nanoarchitecture is destroyed by KCI and another

ionic-organic nanostructure is formed []6].

Comparing the Figure 1.10a and d, one can clearly see the phase transition between pure
H-bonds nanoarchitecture and ionic-organic nanoarchitecture. The position of the ions
cannot be determined in their STM images however. The authors performed DFT cal-
culations and found a structure that is stabilized by the interaction between KCI dipoles

and the charge distribution of PTCDA molecules. It is difficult to verify the agreement
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between DFT calculations and their experimental results since the ion locations are not
resolved in their STM images. The interactions occurring between the molecules and KCl

are consequently not undoubtedly understood.

Although not completely understood and yet not much explored, ionic organic inter-
actions are promising interactions for engineering 2D nanoarchitectures because of their
strength and modularity (e.g by varying the nature of the ionic salts or the organic moi-

eties).

1.1.2.6 Covalent bonds

Covalent bonds are very strong interactions (Table 1.2) involving the sharing of elec-
tron pairs between atoms. Since the energy of such bond is very high, it requires a very
high temperature activation to be broken, especially for Carbon-Carbon (C-C) bonds.
The formation of C-C bonds is therefore considered as irreversible. No equilibrium can be
achieved through the classical bond creation/bond breaking process that occurs for the
interactions mentioned before. We cannot use the expression “self-assembly” in this case
stricto sensu. It is very complicated to evaporate large molecules (or large covalently-
bonded nanoarchitectures) because their sublimation temperature is often very high and
large molecules are usually destroyed before reaching that temperature. Although it is
sometimes possible to deposit large molecules in UHV by electrospray deposition [47],
the formation of large covalently-bonded nanoarchitectures often requires “on-surface”
formation of covalent bonds. There are many kinds of reactions leading to covalent bond
formation [48] such as Ullmann coupling [49, 50] (that will be specifically addressed in sec-
tion 1.3), Glaser coupling [51, 52|, Bergman cyclization [53], Scholl reaction [54], alkyne
cyclotrimerization [55], etc...for C-C bond formation. Different reactions are used to
form covalent bonds other than C-C such as boronic acid condensation [56] for B-O bond

formation.

For example, Liu et al. [55] deposited TEB! molecules on Au(111) surface in UHV. A
thermally activated alkyne cyclotrimerization reaction involving three TEB molecules oc-
curs on the noble Au(111) surface and leads to a benzene ring formation. Figure 1.11a and
b show respectively general alkyne cyclotrimerization mechanism and TEB-related mecha-
nism. After annealing at higher temperature, branched stars with terminal alkyne groups
created by cyclotrimerization of TEB will, in turn, react and form bigger porous molecules
with terminal alkyne (Figure 1.11c,f). After annealing at even higher temperature, the

chain reaction continues and large covalent porous network is formed (Figure 1.11d,g).

11,3,5-tris-(4-ethynylphenyl)benzene
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1.1 Creating molecular nanoarchitectures using self-assembly

Many defects are observed in the porous structure due to the irreversibility of the C-C
bond created (Figure 1.11h,i). Due to their strength, covalent bonds are good candidates
to engineer organized nanoarchitectures on surfaces. However, due to their irreversibility,
more defects are observed with respect to molecular self-assembly interactions presented

previously.
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Figure 1.11: (a) General mechanism of alkyne cyclotrimerization (b) Mechanism of alkyne
cyclotrimerization for TEB molecules. (c) and (d) Successive chain cyclotrimerization
mechanism for TEB molecules. (e) STM image of the first product of TEB cyclotrimer-
ization. (f) STM image of the second order product of TEB cyclotrimerization. (g),(h), (i)
STM images of porous network obtained after chain cyclotrimerization of TEB [55].
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1.2 Parameters to tailor 2D self-assembled nanoar-

chitectures

1.2.1 Influence of molecular design

1.2.1.1 Mbolecular substituents

It was shown in the previous section that depending on the molecular functions or sub-
stituents, different interactions can occur between the molecular building blocks. Molecu-
lar substituents choice is thus a parameter to tune molecular self-assembly at the nanome-
ter scale. Nanostructures having different structures and properties can be engineered

from a specific building block by only changing its molecular functions.

a c I
Figure 1.12: (a), (b), (¢) Hy-TBPP 1, CTBPP 2 and BCTBPP 3 (d) High resolution
STM image of Hy-TBPP VAW self-assembly (g) DF'T calculations of Hy-TBPP assembly
(e) High resolution STM image of CTBPP trimers H-bonds self-assembly (h) DFT cal-
culations of CTBPP trimers (f) High resolution STM image of trans-BCTBPP H-bonded
1D self-assembly (i) DF'T calculations of trans-BCTBPP chains [57].

For example, Yokoyama et al. [57] evaporated three different molecules based on

tertiarybutylphenyl porphyrin on Au(111) surface and observed them with STM at low
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temperature (63K). The first one is a H,-TBPP! molecule, which has a porphyrin core and
four di-tertiarybutylphenyl (tBP) substituents (Figure 1.12a). Once deposited on the gold
surface, Ho-TBPP molecules form ordered close-packed aggregates on the surface (Fig-
ure 1.12d). These aggregates appear to be stabilized by the VAW interactions between
the four di-tertiarybutylphenyl (dtB) groups of the Ho-TBPP molecules (Figure 1.12g).
They also synthesized another molecule, called CTBPP 2 based on Hy-TBPP where one
dtB group was replaced by a cyano (CN) group (Figure 1.12b). They chose CN group
because it has a simple and symmetric structure as well as an asymmetric charge dis-
tribution that should induce dipole-dipole interactions. CTBPP form triangular clusters
on the Au(111) surface composed of three molecules (Figure 1.12¢). High resolution im-
ages as well as DFT calculation (Figure 1.12h) show that these clusters are stabilized by
the hydrogen bonds between the cyano groups and hydrogens attached to carbon atoms
(CH---NC H-bonds). They also synthesized a molecule with two cyano substituents at
opposite position (trans) named BCTBPP? (Figure 1.12c). BCTBPP molecules form
linear 1D nanoarchitectures in which molecules are bonded through CH---NC H-bonds
(Figure 1.12f1). As seen in this example, careful choice of molecular substituents can
drastically change the self-assembly structure (close-packed versus trimer and chains) as

well as its stability (VAW versus H-bonds) for a same molecular skeleton.

1.2.1.2 Molecular geometry

The geometry of the molecular building block is also of prime importance for organic
molecular self-assembly. First, the symmetry of the building block has to be in accordance
with the geometry of the expected nanostructure. For example, star-shaped molecules
with a C3 symmetry are often used as molecular building blocks to generate hexagonal
porous network [58]. Steric hindrance is also another structural parameter that can be
tuned for example by varying the size of lateral chains [59]. It can affect molecular self-

assembly [60]. The position of functional groups on the building block can also be tuned.

For example, we have seen in the previous section that Yokoyama et al. [57] evapo-
rated BCTBPP molecules for which the two cyano substituents were positioned in trans
conformation (Figure 1.13a) on Au(111) surface. This leads to 1D chains stabilized with
H-bonds (Figure 1.13c,e). They also deposited another isomer of the same molecule with

neighboring cyano groups in that case (cis isomer) (Figure 1.13b). Instead of 1D chains,

15,10,15,20-tetrakis-(3,5-di-tertiarybutylphenyl)porphyrin
2 (cyanophenyl)-tris(di-tertiarybutylphenyl)porphyrin
3bis(cyanophenyl)-bis(di-tertiarybutylphenyl)porphyrin
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e

Figure 1.13: (a), (b) respectively trans-BCTBPP 3 and cis-BCTBPP 3 (c),(d) High res-
olution STM images of trans-BCTBPP self-assembly 1D and cis-BCTBPP 0D clusters
(e),(f) DFT calculations of trans-BCTBPP self-assembly 1and cis-BCTBPP 0D clus-
ters. [57].

they obtained 0D clusters composed of 4 cis-BCTBPP molecules, also stabilized by H-
bonds (Figure 1.13d,f).

In conclusion, the geometry of the building block including its symmetry, the steric
hindrance and the position of the functional groups can strongly influence the correspond-

ing formed nanoarchitectures.

1.2.2 Influence of building block coverage

Molecular self-assembly can also be influenced by the amount of building blocks that
is deposited on the surface. This amount is usually expressed as molecular coverage
that can be defined as the ratio between the area covered with molecules and the total
area of the surface. One monolayer (ML) corresponds to a surface that is fully covered
with molecules. Depending on the coverage, different phases of molecular self-assembled
structures can be formed.

For example, Stohr et al. [62] reported three different H-bonded nanoarchitectures
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Figure 1.14: (a), (b), (c) respectively large scale STM images (14x7 nm?) of Cu-dimer
TPA, Cu-TPA and H-bonded TPA nanostructures corresponding to coverage < 1TPA
molecule /nm?, 1<TPA molecule /nm?<1.5 and > 1.5 TPA /nm?® (d) High resolution
STM images of the three phases and corresponding DFT models and simulated STM im-
ages (e) Phase diagram of TPA on Cu(110) [61].

depending on the DPDI' coverage on Cu(111) surface. Wang et al. [61] also reported
coverage dependent metal-organic and H-bonded self-assembly of terephthalic acid (TPA)
on Cu(110). For low coverage (< 1TPA molecule /nm?), metal-organic nanoarchitectures
are formed involving Cu dimers (Figure 1.14a,d,e). At higher coverage (1<TPA molecule
/nm?<1.5), a new metal-organic phase is formed with another structure involving single
Cu adatoms (Figure 1.14b,d,e). Finally, for coverage higher than 1.5 TPA /nm?, a new
structure is formed (Figure 1.14¢). This structure is not stabilized through metal-organic
interactions like the first two phases, but through H-bonds (Figure 1.14d.e).

Molecular coverage is consequently of great importance for molecular self-assembly as

it can drastically affect the interactions between the molecules.

1.2.3 Substrate influence

The substrate material and the crystallographic orientation can drastically affect

molecular self-assembly. Several factors can influence the molecular self-assembly process

14,9-diaminoperylene-quinone-3,10-diimine
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such as the building block mobility on the surface, the surface crystallographic arrange-
ment, its corrugation or a potential surface reconstruction. Chemical reactions can also

possibly occur on the surface and consequently influence the self-assembly process.

1.2.3.1 Mobility

r 3

energy

S g distance to surface

Echem phys

chemisorption

Figure 1.15: Energy diagram of chemisorption and physisorption adsorption processes.
Chemisorption involves strong chemical bonds (deeper energy well) at close distance to
the surface. Physisorption is driven by weak VAW interactions (shallow energy well) that

occur at larger molecule-substrate distances [1/)].

The mobility is one of the key parameters in the self-assembly process. It is directly
related to the ability of the building blocks functional groups to be in close contact and
thus to interact and form self-assembled nanostructures [63]. This characteristic varies
with the molecular building block. However, the mobility is usually much lower for a
given molecule on a semiconductor substrate than on a metallic surface. Two main
kinds of molecule-substrate adsorptions are observed: chemisorption and physisorption
(Figure 1.15):

e Chemisorption is a strong molecule-substrate interaction involving the creation

of chemical bonds between the molecules and the surface with a short bond length.

e Physisorption is a weaker kind of molecule-substrate interaction for which there
is no chemical bonds between the molecules and the surface. Physisorption involves
weak VAW interactions between the molecules and the substrate. Molecules elec-

tronic properties are usually less influenced by the substrate than for chemisorption.
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Terephthalic acid
(TPA)

I 0O O

@:
a &
©:

Si(111) Si(11)- Ag(111)

Figure 1.16: (a) Model of Terephthalic acid (TPA) molecule (b) STM image of TPA
molecules on Si(111) 7x7 (c) STM image of TPA molecules on Si(111)-/3 x +/3-Ag
forming H-bonded self-assembled structure. (d) STM image of TPA molecules H-bonded
self-assembled structure on Ag(111) surface [6]]

To illustrate this phenomenon, Susuki et al. [64] deposited terephthalic acid (TPA)
molecules (Figure 1.16a) on three different substrates and observed them with STM. On
Si(111)-7x7, TPA molecules do not form any ordered supramolecular structure (Fig-
ure 1.16b) due to strong molecule-substrate interaction (Si dangling bonds). The second
substrate was also a silicon substrate but this time with a silver monolayer deposited on
top of it (Si(lll)—\/§ X \/§-Ag). On this surface, TPA molecules form H-bonded self-
assembled nanostructure (Figure 1.16¢), meaning that their mobility increased due to the
Ag overlayer deposited. Finally, TPA molecules were deposited on Ag(111) surface, and
similar H-bonded self-assembled nanostructure was obtained (Figure 1.16d).

High mobility is one of the reasons why metallic substrates are often preferred, with
some exceptions [65, 66], to engineer self-assembled organic nanostructures. For our ex-
periments, we chose to use Au(111) surface because it is known to usually interact very

weakly with molecules (except from the molecules with thiol groups for example).
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1.2.3.2 Influence of surface lattice and symmetry

The lattice geometry and periodicity of the surface can strongly influence the self-
assembly process [67]. Growth of molecular self-assembled nanostructures along specific
surface crystallographic axis or commensurable networks are often reported. For strong
adsorbate-substrate interactions, the resulting self-assembled layer geometry is totally
determined by the substrate templating. Same molecular building block on different
substrates or molecules of different sizes but with the same interaction sites on an identical

substrate lead to totally different arrangements in that case.

Figure 1.17: (a) Molecular structure of the ligands 1,4-bis(4-pyridyl)benzene, 1, and 4,4-
bis(4-pyridyl)biphenyl, 2, exhibiting different distances between the nitrogen atoms. Color
scheme: N = blue, C' = gray, H = white. (b) STM images 1D Cu-1 commensurate
chains along [110] and [110] directions of the Cu(100) surface at S300K. (c) STM image
taken after deposition of 2 on Cu(100) surface. Unstable incommensurate metal-organic

structure is destabilized by thermal excitation at room temperature [68].

For example, Tait et al. [68] evaporated bipyridyl molecules differing in length by only
one phenyl ring (molecules 1 and 2 in Figure 1.17a) on Cu(100) surface at room temper-
ature. Molecule 1 appears to form 1D chains with preferential growth directions. These
chains are formed by molecules 1 bonded to Cu adatoms originating from substrate step
edges, through N-Cu-N metal-organic interaction (Figure 1.17b). These organometallic
wires appear to grow preferentially along the [110] and [110] directions of the Cu crystal.
Each chain segment in the 1 -Cu chains is measured to be six times the Cu nearest neigh-
bor distance. This epitaxial agreement allows each Cu chain atoms in the chain to adopt

the same adsorption geometry, most likely in the 4-fold hollow sites (energetically favored
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for Cu adatoms). For molecule 2, which is longer than 1 by one phenyl ring, no stable
structure is observed (Figure 1.17¢). The differences between the growth of 1 and 2 were
attributed to commensurability of the 1D coordination structure to the substrate. For
the molecule 2, the N-Cu-N interaction was too weak to compensate for a less-than-ideal
commensurability situation. Consequently, thermal excitation at room temperature was

able to destabilize the metal-organic nanoarchitecture.

PTCDA/Ag(I11)

PTCDA/Ag(110)

Figure 1.18: LEED patterns, STM images, and molecular models of self-assembled
PTCDA monolayers on Ag(111) (top) and Ag(110) (bottom). The layers show a dif-
ferent symmetry due to the different symmetry of the substrate. Scan sizes are 4.5x 4.5
nm? (top) and 4.4 x 4.4 nm? [69].

Another example highlighting the influence of lattice symmetry on molecular self-
assembly is given by Zou et al. [69]. PTCDA! molecules were deposited on both Ag(110)
and Ag(111) surfaces and characterized with STM and LEED? in UHV. Both LEED
and STM (Figure 1.18) reveal that the interaction of PTCDA with silver surfaces is
strong enough to influence the molecular self-assembly. The different crystallographic
orientations of the two surfaces lead to the formation of either an herringbone pattern or

a linear assembly on Ag(111) and Ag(110), respectively.

Besides, Tait et al. [70] successfully managed to grow 2D isostructural coordination
nanoarchitectures from a specific molecule and metal adatoms on Cu(100), Ag(100) and
Ag(111). In that case, the metal-organic interactions were strong enough to overcome the

substrate templating effects.

13,4,9,10-perylene-tetracarboxylic acid dianhydride
2Low-Energy Electron Diffraction
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1.2.3.3 Surface reconstruction

Reconstructed surfaces, for which the atoms are not arranged in the same way as they
are in the bulk phase, can also strongly influence the molecular self-assembly process.
Surface reconstruction can also be used to template molecular nanoarchitectures with

typical scale larger than the lattice of raw materials.

Figure 1.19: (a) Room temperature STM image of PTCDI-melamine porous nanoarchitec-
ture (hevagons and parallelograms) with resolution on the underlying Au(111) (22x+/3)
surface reconstruction (V=1.5V, I=0.15nA).(b) Molecular model of the PTCDI-melamine
nanoarchitecture with high resolution STM image superimposed. The parallelogram rows,
matching the periodicity of the surface reconstruction along the [110] direction are indi-

cated by black and gray arrows [71].

For example, Bohringer et al. [72] reported the Au(111) (22x+/3) surface reconstruc-
tion to drive the formation of self-assembled organic nitronaphthalene nanoclusters. An-
other example of surface-reconstruction-mediated formation of organic self-assembly was
given by Silly et al. [71] studying the self-assembly of PTCDI and melamine molecules on
Au(111) surface. After deposition of PTCDI and melamine on Au(111) and subsequent
annealing at 80°C for 15 hours, a porous organic nanoarchitecture is formed (Figure 1.19).
This porous nanoarchitecture consists in the alternation of double rows of hexagons (6
PTCDI + 6 Melamine molecules for one hexagon) and single rows of parallelograms
(4 PTCDI + 6 Melamine molecules each). Hexagon and parallelogram structures are
both stabilized by triple hydrogen bonds (2 H---O and 1 H---N) between PTCDI and
melamine molecules. Parallelogram rows were growing along the [112] direction and the

spacing between two adjacent parallelogram rows (6.3 nm) matches with the periodicity of
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the Au(111) (22x+/3) surface reconstruction along the [110] direction (Figure 1.19a). In
contrast, only hexagons were observed on Ag/Si(111) surface after deposition of PTCDI
and melamine molecules [73]. The example demonstrates the influence of the Au(111)
surface reconstruction to tailor the self-assembly of PTCDI and melamine molecules in

order to match the surface reconstruction periodicity along the [110] direction.

1.2.3.4 Vicinal surfaces

Metal surfaces can also be prepared by cutting a crystal parallel to a plane slightly off
a low index plane. Vicinal surfaces consist in an alternation of terraces of a particular low
index plane of variable width, depending on the angle of miscut, separated by monoatomic
steps. Thus, vicinal surfaces can be used as template to guide the molecule to self-assemble

along a preferential direction (parallel to the step edges) and form 1D nanostructures.

Figure 1.20: (a) Molecular structure of Co-Phtalocyanine molecule. (b) STM image of
clean Au(788) showing five adjacent terraces(14x 14nm?. (c) Large-scale STM image of
1D CoPc nanostructures on Au(788) surface at 8 K (75x 75nm?) [74).

For example, Kroger et al. [74] successfully reported the formation of 1D Cobalt-
Phtalocyanine (Co-Pc) (Figure 1.20a) nanostructures (Figure 1.20b) along the step edges
of the Au(788) surface (Figure 1.20a).

To conclude, depending on the ratio molecule-substrate versus intermolecular interac-
tions, the substrate can strongly influence the molecular self-assembly through templating
effects. Nanoarchitectures can be influenced by the lattice geometry or by surface recon-

structions or even step edges.
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1.2.3.5 Surface catalytic activity and reactivity

The word “catalyst” usually refers to a material that reacts with the initial reactors
lowering the activation energy necessary for a reaction to occur compared to the situation
without catalyst (Figure 1.21). Due to the high molecule-catalyst contact area compared
to bulk materials, metal surfaces are promising and effective catalysts for on-surface re-
actions. However, the surface characteristics (material, facets, specific sites) strongly
influence activation barriers for on-surface reactions. Among all the on-surface reactions,
we only consider here reactions leading to the formation of organic nanoarchitectures.

To illustrate the difference of catalytic activity of surfaces, Sun et al. [75] compared
experimentally and theoretically the activation temperature of Wurtz coupling of BMPB
brominated molecule on Cu(110), Ag(110) and Au(111) surfaces. Wurtz reaction consists
in dehalogenation of molecular precursor followed by recombination of radicals. The first
part of the Wurtz reaction is known to be catalyzed by noble metals. Sun et al. [75]
reported a Wurtz reaction activation temperature of 450, 420 and 350 K for Cu(110),
Ag(110) and Au(111), respectively. The catalytic activity thus strongly varies between
these three surfaces.

Catalytic activity can also vary locally on surfaces of the same material. Saywell et
al. [76] evaporated «,w-dibromoterfluorene (DBTF) molecule on a stepped Au(10,7,7)
surface. They show that step edges-kinks of the surface act as preferential catalyst sites
for bromine dissociation. Thus catalytic activity on surfaces may not be homogeneous

but associated to specific reactive sites.

uncatalyzed
pathway

ENergy

_.-:catalj:zed. ’
< pathway

AE

reactants products
reaction progress

Figure 1.21: [llustration of a reaction path energy diagram showing the energy activation

lowering induced by a catalyst in a chemical reaction.
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1.2.4 Temperature influence

The sample temperature may affect molecular self-assembly through two main phe-
nomena. The first one concerns the temperature dependent mobility of the molecular
building-block and the corresponding phase transitions. The other one concerns the tem-

perature activated on-surface reactions.

1.2.4.1 Diffusion and phase transition

e L
TR AT T T
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Figure 1.22: STM images of rubrene molecules on Au(111) (U=3V and I=10pA) (a)
after post-annealing at 353K forming highly defective structure (82x82 nm?) (b) after
post-annealing at 363K forming highly ordered row structure (57x57 nm?) [17]

As seen on section 1.1.1, on the microscopic scale, the increase of temperature pro-
vides necessary energy to allow the molecules to migrate or rotate around their equilib-
rium positions. If the sample temperature during building block deposition, or during
annealing, is high enough, a sufficient amount of energy will be transferred to the build-
ing blocks to reach a final state that is different from the initial state. Depending on
the molecule-molecule and molecule-substrate interactions, the whole system will reor-
ganize (self-healing) until a minimum free enthalpy state is reached, if it is possible.
Depending on the temperature conditions, building blocks can be reorganized and form
different arrangements. Therefore, temperature can possibly be used as a parameter
to tailor two-dimensional supramolecular assembly structures. Temperature potentially
permits the transition between phases that are only formed over a limited temperature

range. Temperature-induced phase transition is for example observed after co-deposition
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of PTCDI and melamine molecules [71]. A pinwheel structure is formed after deposition
at room temperature that turns into a porous honeycomb structure after moderate an-
nealing at 100°C. After annealing at 120°C, another porous parallelogram phase is formed.
Another example is given by Wang et al. [77]. They investigated rubrene molecules on
Au(111) surface. Figure 1.22a shows that after annealing at 353K, rubrene molecules form
highly defective structures. Figure 1.22b is an STM image taken after a post-annealing
at higher temperature (363K) revealing that rubrene molecules form an ordered structure
(with few remaining defects) after temperature induced phase transition. Temperature is
then a key element to drive molecular diffusion and thus the formation of thermodynam-

ically versus kinetically stable nanoarchitectures.

1.2.4.2 On-surface reaction activation

The temperature parameter can also be used to trigger non-reversible on-surface reac-
tions, and consequently to modify the resulting supramolecular nanostructure due to the
chemical transformation of the building blocks. Indeed, this property strongly depends
both on the building block (functional groups) and on the surface material (catalytic ac-
tivity). Many examples of nanostructure reorganization induced by temperature-driven
on-surface reorganization were reported so far. For example, Dimitriev et al. [78] studied
the evolution of trimensic acid (TMA) on Cu(100) surface. When TMA molecules were
deposited and characterized at low temperature (below 200K), they appeared to form hon-
eycomb networks that were stabilized by H-bonds between the carboxylic groups. After
heating the sample to a temperature higher than 200K, a dehydrogenation of the car-
boxylic groups (formation of carboxylate ions) occured, catalyzed by the Cu(100) surface.
After dehydrogenation, no more H-bonded honeycomb nanostructures were observed. In-
stead, molecules were assembled in another arrangement forming stripes. According to
the authors, molecules were no longer laying flat on the surface but were standing upright
with their carboxylate groups anchored to the substrate. Similarly, Ruben et al. [79]
reported a temperature induced deprotonation of BTA! molecules on Ag(111) associated
with two-phase transitions.

Other temperature-activated reactions have been reported and characterized by UHV-
STM such as imine coupling [80], organo-metallic coupling [81] and C-C coupling [75, 81]
for example. Even if temperature is used to trigger non reversible chemical reactions,
thus not leading to molecular self-assembly process stricto sensu since thermodynamic
equilibrium is not reached, temperature activated on-surface reactions can lead to a drastic

modification of the nanoarchitecture structure.

14,4,4-benzene-1,3,5-triyl-tribenzoic acid
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b

Figure 1.23: (a) STM image of TMA molecules forming H-bonded honeycomb network on
Cu(100) for temperature lower than 200K. (b) Molecular model of the H-bonded network
(¢c) STM image of TMA molecules deprotonated forming stripes for temperature higher

than 200K (d) Molecular model of deprotonated TMA molecules standing upright on the
Cu(100) surface [78].
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1.3 On-surface covalent coupling reaction: Ullmann

coupling

1.3.1 (General description
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Figure 1.24: Two different mechanisms proposed by Fan et al. [82] for on-surface Ullmann
reaction. Gray, white, red, and blue balls represent respectively carbon, hydrogen, halogen

and metal atoms.

Many on-surface reactions were used to grow covalent structures or polymers such
as Glaser-Hay coupling, dehydration reactions (boronic acid, carboxylic acid, Schiff base
formation), cycloaddition reactions, etc... One of the most studied on-surface reaction so
far is the so-called “Ullmann coupling” reaction. This reaction is named after the German
professor Fritz Ullmann that first described a coupling reaction occurring between two
aryl halides in 1904 [83]. This reaction requires three main elements: aryl-halides, metal
catalyst (copper in the historical Ullmann reaction case) and temperature activation.

Depending on the catalyst material, the surface in our case, two mechanisms were pro-
posed for the Ullmann reaction [82]. For the two mechanisms, the reaction starts with the
dehalogenation of the aryl-halide, meaning the breaking of the C-X bond. This dehalo-
genation reaction is a very critical step and is catalyzed by transition metals such as Au
[50], Ag [84], Cu [85] and Co [86]. In the first mechanism, a radical is formed and diffuses

on the surface. In the second path, the product of the dehalogenation reaction interacts
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with a metal adatom and then forms an organometallic intermediate, that is stable and
can be observed. For example, several type-2 Ullmann coupling mechanisms were reported
for Cu catalyzed reactions by the observation of so-called protopolymers [87] consisting
in organometallic nanostructures [88, 89, 90]. In the type-2 mechanism, the organometal-
lic intermediate is destroyed leading to C-C covalent bond formation, if enough energy is
provided to the system (for example by increasing the surface temperature). In the type-1
reaction, no organometallic intermediate is formed and radicals recombine with each other
to form new C-C covalent bonds. Most of the on-surface Ullmann reactions occurring on
Au substrates were reported to be of type-1 since no organometallic intermediates were
observed [28, 50, 82].

Figure 1.25: STM images showing the initial steps of the tip-induced Ullmann-like C-C
covalent coupling of two iodobenzene molecules reported by Hla et al. (U=1.1V, I=530pA,
%8 nm?) [91].

The Ullmann reaction was first only used in organic chemistry for C-C coupling in
synthetic reactions. In 2000, almost one century after the discovery of the Ullmann cou-
pling reaction, Hla et al. [91] reported a step by step on-surface Ullmann-like reaction
on copper surface. They evaporated iodobenzene on Cu(111) surface held at 20K in
UHV (Figure 1.25a). Then, they positioned an STM tip over a iodophenyl molecule and
switched the bias value to 1.5V, inducing a dissociation of the C-I bond (Figure 1.25b).
Then, they similarly dehalogenated another molecule (Figure 1.25¢). They brought this
molecule in the vicinity of the other radical (Figure 1.25e), still using tip lateral ma-
nipulation. In the last step, they used the tip to induce a coupling between the two
radicals. They successively achieved the formation of bi-phenyl molecules using STM tip

manipulation and electron-induced reactions (Figure 1.25f).

Grill et al. [50] were the first to report the formation of two-dimensional covalent
nanostructures using on-surface Ullmann reaction on Au(111) in 2007. They used por-

phyrin molecules with bromine terminated arm (Bry;TPP). They selectively and specifi-
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cally functionalized one, two or four of the porphyrin arms with bromine. After heating the
substrate, they achieved the formation of covalent nanostructures, respectively, dimers,
chains and two-dimensional clusters of porphyrins (Figure 1.26a,b and ¢ respectively).
Thus, the position of the halogen substituents on the molecule controls the dimensional-

ity of the covalent structure formed by the on-surface Ullmann reaction.

n B TFE n transfe TFP E BrTFP

Figure 1.26: Dimension-controlled growth of Br-substituted Tetra-phenyl porphyrins by
Ullmann reaction. Different building blocks with (a) one, (b) two or (c) four Br sub-
stituents leading respectively to dimers, 1-D nanowires and 2D nanostructures after on-

surface Ullmann coupling reaction [50].

1.3.2 Influence of the halogen substituent

The first step of the Ullmann coupling reaction is the breaking of the carbon-halogen
bond. Carbon-Halogen bond binding energies are lower than C-C bonds of the molecu-
lar skeleton. Consequently, selective dissociation of C-X bonds is potentially achievable
without modifying or damaging the rest of the molecule, leading to the formation of
organometallic intermediates or radicals. Most of the time, the halogen atoms used to
functionalize the molecular building blocks for on-surface Ullmann coupling purposes are
bromine, iodine and more scarcely chlorine [84, 92] or fluorine [93].

The C-X binding energy strongly varies depending on the nature of the halogen atom.
C-X bond strength usually varies with X in order of [ < Br < Cl < F. One good illustra-

tion is the variation of the dehalogenation energies of the most basic building block for
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Halogen substituent Iodine | Bromine | Chlorine | Fluorine
Ce¢H5-X dissociation energies | 2.91 eV | 3.65 eV 4.22 eV 5.52 eV

Table 1.3: Fvolution of the CgHs-X bond dissociation energy per molecule with the X atom
nature [94]

Ullmann coupling: halogeno-benzene (CgHs-X) [94]. The C-X bond dissociation energies
are gathered in Table 1.3.

a Building block » Chain (1D) > Network (2D)

— pe

i irecti 2

@ |odine substituent FERgramh tindion 2

® Bromine substituent =

b=

o

73]

Figure 1.27: Progressive steps of the Ullmann coupling from (a) the low temperature
deposition of I Bry TPP molecules on Au(111) surface, to (b) the 1D nanowire formation
after deiodination of the molecules and partial on-surface Ullmann coupling (annealing at
120°C). Finally,(c) formation of 2D covalent network after debromination and complete
Ullmann coupling of the 1D wires (annealing at 250°C) [28].

For a given molecule, the activation temperature of the dehalogenation reaction strongly
depends on the halogen substituent [95]. To illustrate this property, Lafferentz et al. [28]
evaporated halogen-functionalized porphyrins having two pairs of iodine and bromine
terminated arms in trans-configuration (IoBryTPP). They deposited molecules onto an
Au(111) surface kept at -200°C, and confirmed by STM that molecules were intact with
all their iodine and bromine atoms attached to their backbones (Figure 1.27a). After
annealing at 120 °C, only the C-I bonds are broken and consequently, on-surface Ullmann
coupling reaction occurs only in one direction. The products of this first reaction are 1-D
porphyrin nanowires with Br atoms attached to their sides arms (Figure 1.27b). They
subsequently annealed the sample at a temperature of 250 °C, which was high enough to

break the remaining C-Br bonds, thus leading to the merging of several 1D wires into a 2D
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covalent network (Figure 1.27c). This two-step reaction was triggered by the difference
in binding energy of C-Br with respect to C-I. Better results were obtained using this
approach than the one-step Br,TPP reaction presented previously. In the Chapter 5 and
6, we will investigate this difference in reactivity studying building blocks with iodine and

bromine functional groups respectively.

1.3.3 Influence of the substrate

All the processes involved in the Ullmann coupling reaction critically depend on the
underlying surface [84, 96]. The surface not only acts as a catalyst for the dehalogena-
tion reaction but also significantly influences the remaining chemical reactions. Most of
the results regarding on-surface Ullmann coupling reaction were obtained using metallic
substrate such as Au(111), Ag(111) and Cu(111).

For example, Guzler et al. [97] evaporated TBPB! molecule on a relatively inert
graphite(100) surface and on metallic Cu(111) and Ag(110) surfaces. Dehalogenation
of the molecules was reported at room temperature on the metallic surfaces. In con-
trast, intact molecules were observed on graphite. Graphite was then annealed up to
the desorption temperature of the molecules and no dehalogenation or covalent coupling
were observed [97]. Covalent structures were only obtained on the metallic surfaces after

annealing, illustrating the catalytic importance of the substrate in the Ullmann reaction.

A more detailed study of the substrate influence in the Ullmann reaction was given
by Bieri et al. in 2010 [98]. They evaporated a hexaiodo substituted cyclic molecule
(CHP?) on Cu(111), Ag(111) and Au(111) substrates. They used STM and XPS to
characterize their samples and DFT? calculations to model the reactions (Figure 1.28g).
CHP molecules are expected to form a covalent regular porous array of polyphenylene
after Ullmann coupling reaction (Figure 1.28h). XPS measurements confirmed that CHP
molecules were dehalogenated after deposition on all the three substrates at room temper-
ature. Radicals were stabilized by the interaction with the free electrons of the substrates,
thus preventing the formation of covalent bonds at room temperature according to the
authors. The authors subsequently annealed the sample until C-C coupling occurred.

The C-C covalent coupling occurred at different temperatures depending on the sub-
strate. A 475K annealing was necessary to activate C-C coupling on Cu(111) whereas
annealing temperatures of 525 and 575K were necessary on Au(111) and Ag(111) sub-

strates respectively. Moreover, the shape of the covalent nanostructures formed strongly

11,3,5-tris(4-bromophenyl)benzene
2cyclohexa-m-phenylene
3Density Functional Theory
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Figure 1.28: Querview (top) and high-resolution (bottom) STM images of polyphenylene
networks on (a,b) Cu(111), (c,d) Au(111), and (e,f) Ag(111) (g) Chemical structure of
hezaiodo-substituted CHP molecule (h) Chemical structure of a fraction of the polypheny-

lene network after On-surface Ullmann coupling [98].

varies between the substrates. Dendritic structures mainly composed of single-molecular-
width covalent 1D structures were formed on Cu(111) substrate (Figure 1.28a,b). Small
close-packed hexagonal-covalent clusters with branches are observed on the Au(111) sur-
face (Figure 1.28¢,d). On contrary, large hexagonal porous domains with low defect range
are observed on the Ag(111) surface (Figure 1.28¢,f). The authors simulated the C-C
covalent coupling reaction path on the different substrates using DFT calculations. They
found that on Cu(111) surface, radicals almost spontaneously covalently couple to each
other once the initial diffusion barrier is overcome. On Ag(111), the diffusion is however
favored compared to spontaneous covalent coupling leading to an increased mobility of
the radicals. They confirmed their hypothesis using Monte-Carlo simulations. These sim-
ulations show that the growth of large dense covalent nanoarchitectures is favored by a

high mobility (or a low coupling affinity) of the precursors (radicals in this case).

1.3.4 Molecular halogen by-products

The first step of the Ullmann coupling reaction is the dehalogenation process. During
this step, molecular halogen atoms are separated from the molecular skeleton. Three main

options for these halogen atoms were considered by Bronner et al. [99]:
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e Independent diffusion : The halogen atoms can diffuse independently of the

organic system on the surface.
e Poisoning : The halogen atoms diffuse to step edges or defects.

e Incorporation : The halogen atoms can be incorporated into the organic structure

(trapped in organic pores for example).

The halogen atoms often appear to be strongly chemisorbed on the metal surfaces after
on-surface Ullmann reaction. These halogen atoms are reported to play an important role
in the next steps of the Ullmann reaction. For example, split-off Bromine atoms were
observed in the close vicinity of protopolymers formed after thermal dehalogenation of
precursors on Cu(111). Park et al. [100] observed that the halogen by-products were
actually bonded to the protopolymers by Br-H bonds and consequently affecting the
resulting product. Pis et al. also reported recently that dibromotetracene forms chained-
protopolymers on Ag(110) based on STM, XPS and DFT calculations. They reported
that the presence of Br adatoms at the close vicinity of the organo-metallic chains was

“crucial” for their stabilization.

Figure 1.29: (a) Overview STM image (60x60 nm?), and (c) close-up STM image
(18x 18 nm?) of Cu(111) surface after evaporation of sub-monolayer coverage of BryPy
molecules. Dentritic molecular network is observed with no long range order surrounded
by chemisorbed Br atoms. (b) Atomic resolution of the bromine adatoms chemisorbed on
the Cu surface (yellow square of image (c)) [101].
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1.3 On-surface covalent coupling reaction: Ullmann coupling

Surface | Bromine | Iodine
Cu(111) | 3.19eV |297eV
Ag(111) | 3.23eV | 3.01 eV
Au(111) | 2.80eV | 2.76 eV

Table 1.4: Evolution of the atomic binding energies of iodine and bromine on metal sur-
faces [95]

Halogen atoms can also hinder the radical recombination and subsequent formation
of C-C bonds. Batra et al. [102] observed that the polymerization of graphene nanorib-
bons precursors is activated by the desorption of halogen atoms from the metal surface.
Pham et al. [101] reported the formation of large domains of chemisorbed Br atoms (Fig-
ure 1.29b) after deposition of tetrabromopyrene (BryPy) molecules on Cu(111) surface.
These chemisorbed Br atoms were assumed to be responsible for the precursors lack of
diffusion. Consequently, no long range order was observed in the covalent nanostructures
formed (Figure 1.29a,c). Fan et al. [81] reported similar conclusions after the evaporation
of tribromophenyl benzene (TBPB) on Cu(111).

The presence of chemisorbed halogen atoms is therefore often limiting the yield and the
quality of the covalent nanostructures synthesized through on-surface Ullmann coupling
reaction. Consequently, these halogen atoms must be removed from the surface to improve
the reaction. One solution is the thermal induced desorption. Halogen atoms are much
more likely to be desorbed atomically than molecularly from metal surfaces [95]. Binding
energies of atomic iodine and bromine on Cu(111), Ag(111) and Au(111) are summarized
in Table 1.4. They are around typically 3 eV for both Iodine and Bromine on all the
surfaces. These energies are greater than the typical dehalogenation barriers. This is
consistent with the fact that X atoms are still chemisorbed on the surface after annealing
at temperature higher than the dehalogenation activation temperature. One solution can
be to anneal the substrate to a temperature for which halogen atoms are fully desorbed.

They are however two main limitations to this strategy.

The first one is the co-desorption of physisorbed molecules. The binding energy of
physisorbed molecules is supposed to be additive and ranging from 70 to 140 meV per
carbon atom on Au(111) [103]. Therefore, only large molecules made of several tens of C
atoms are expected to stay physisorbed at temperatures higher than halogen desorption.
This is for example true in the case of some graphene nanoribbons precursors [102]. The
second limitation is the integrity of the molecule. Indeed, heated at a temperature of few
hundred degrees, the molecular building block can be damaged, thus resulting in poor

quality nanostructures [104].
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1. TWO-DIMENSIONAL ORGANIC NANOSTRUCTURES BASED ON
MOLECULAR SELF-ASSEMBLY AND ON-SURFACE REACTIONS

One solution to efficiently remove the chemisorbed halogen atoms can possibly be
hydrogen. Bronner et al. [99] reported that the introduction of molecular dihydrogen in
their chamber lead to an easier desorption of the bromine atoms chemisorbed on Au(111)
surface. They reported molecular hydrogen to react with the bromine atoms and form
H-Br molecules. H-Br molecule desorption is reported to be kinetically favored over H,

until all the Br atoms are desorbed from the surface.

Chapter conclusion

In conclusion, the formation of two-dimensional organized nanostructures by bottom-
up approach is a fascinating and complicated process driven by a whole set of molecule-
substrate and molecule-molecule interactions. A broad spectrum of intermolecular in-
teractions with their own advantages and drawbacks is available. A large part of these
interactions were investigated during my PhD including H-bonds, halogen bonds, ionic-
organic interactions and finally covalent coupling. A lot of parameters can also be used to
tune or modify these nanoarchitectures including molecular coverage, substrate or tem-
perature. During my PhD, mostly molecular coverage and temperature were used to tune
the nanoarchitectures structure. The electronic properties of materials strongly depend
on their local structure at the atomic scale. Thus, a same building block can be used
to form several different arrangements depending on the preparation conditions. The
resulting nanoarchitectures potentially have different geometric structures but also dif-
ferent electronic properties. Scanning Tunneling Microscopy was used in an Ultra-high
Vacuum environment in order to characterize these nanostructures at the atomic scale.
UHYV prevents pollution from the environment to degrade our sample and STM allows us
to probe the electronic properties of nanoarchitectures with atomic resolution. Moreover,
photoemission spectroscopy experiments were also carried out at the Soleil Synchrotron
facility. X-ray Photoemmission Spectroscopy (XPS) gives us complementary information
on the chemical environment and composition of the building blocks. STM and XPS
techniques will be briefly described in the next chapter followed by a description of the

experimental set-up used during my PhD.
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Chapter 2

Experimental set up and techniques

The objective of this chapter is to present the characterization techniques and the
experimental set-up used during my PhD. The Scanning Tunneling Microscopy (STM)
working principle will be described. The Ultra High Vacuum (UHV) experimental set-up
used during my PhD at CEA Saclay will also be detailed. Au(111) substrate will also
be presented. X-ray Photoemission Spectroscopy (XPS) and experimental set-up at the
Soleil Synchrotron will be described in Appendix B.

2.1 Scanning Tunneling Microscopy

With the invention of the Scanning Tunneling Microscope (STM) in the early 1980s,
G. Binnig and H. Rohrer [105] revolutionized the world of microscopy. They were awarded
with the Nobel Prize in physics in 1986 “for their design of the scanning tunneling mi-
croscope” . Successively, atomic resolution on Si(111) 7 x 7 surface reconstruction [106],
then atom manipulation and positioning [107], the most famous experiment being the
formation of a quantum corral by Crommie et al. [108], were reported using Scanning
Tunneling Microscope. They opened the door to new developments in nanotechnology
permitting to explore and understand new phenomena in nanoscience. From the STM
invention, a large family of microscopy techniques has been developed, known as scan-
ning probe microscopy (SPM) [109, 110, 111]. The extreme sensitivity of SPM techniques

permits to resolve individual atoms, molecules and nanocrystals.

2.1.1 The Tunnel effect

With the development of quantum mechanics, the behavior of elementary systems that

could not be explained by classic mechanics equations could finally be understood. Such
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2. EXPERIMENTAL SET UP AND TECHNIQUES

quantum system can be described through complex wave-function, here written W(7, ).
The square modulus of this wave function corresponds to the probability density of such
system. Electrons wave nature was experimentally unraveled by C.J. Davisson and L.H.
Germer in 1927 [112, 113]. They showed that electron beams were diffracting on crystals
(periodic array of atoms). Thus, the wave function V(7 ¢) describing the behavior of

electrons of mass m in potential V (7, t), obeys the standard Shrodinger equation:

L0 - . .
@ha\ll(r,t)— —%V + V(7 t)| Y(7, 1) (2.1)

where V2 is the Laplacian operator V? = 86—; + 59—;2 + g—;.
If the potential V() is assumed to be independent of time, i.e V (7, t) = V (), one
can prove that the wave-function can be written as a product of two terms, one being

independent of time.

(7 ) = (e (2:2)
with w the pulsation of the system.

In these conditions, () obeys the time-independent Shrodinger equation:

hQ
Ey(r) = | ——V? r I 2.
0 = |5V 0l (2.3
with £ = hw being the energy of an electron with a pulsation w.

If the electron is moving in free-space (V () = 0), one can prove that its wave function

can be written as a plane wave:

U(7, 1) = AeiFreh (2.4)
allF

2m

with a wave vector & following the dispersion relation w =

Now, if we consider that the electron is interacting with a 1D time-independent po-

tential in the z direction, its wave function obeys the equation:

Ep(z) = | —o——= + V(2)| ¥(2) (2.5)

Let’s consider this potential to be null over the whole z axis except between z = 0
and z = d where it is equal to Vy (Figure 2.1). In classic mechanics, if the energy of
the electron coming from the z = —oo is lower than the potential barrier (E < V;), the

probability that such electron crosses the potential is null.
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2.1 Scanning Tunneling Microscopy

Now if we solve the equation 2.5 under these conditions (E < V), we get this set of

equations:

Y(z) = ez — qe~** for z<()

P(z) = de"* — ye "* for 0<z<d (2.6)
1kz o om(Vo—E

U(2) = Be** for z>dr = 4/ 22005

Using the continuity of the wave functions at the interfaces, one gets:

{1+a—’y+5 )

ik(1—a)=r(0—")

Finally, using the continuity of the wave function first derivative at the interface, one

gets:

(2.8)

5end + ,ye—nd _ 5eikd
Kk(derd — ye ) = ik [etrd

The interesting variable here is the amplitude £ of the transmitted wave function that

can be written as:

dikrd
(k+ik)?erd — (k —ik)2e—rd

f= (2.9)

The transmission probability of an electron having an energy E through this barrier

can be expressed as:

4E(Vy — B)

_RI2 _ apx
T(E) = |8I" = 88" = AE(Vy — B) + V2sinh?(rd)

(2.10)

Contrary to classic mechanics behavior, the electrons have a non-zero probability of
crossing a potential barrier even if their energy is lower than the barrier. The transmission
probability depends on the variable x that can be understood as the inverse of the pen-
etration depth of the electron wave function in the barrier. If the barrier width is much
larger than this electron penetration depth (d >> 1/k), equation 2.10 can be simplified

as:

_ 6B~ B) L,

(2.11)

This result highlights the influence of the barrier width on the transmission probability.
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V() &

Vo

N

Figure 2.1: Basic scheme illustrating the non-null probability of an electron of energy

E< Vi of crossing a potential barrier of height Vi: Tunnel effect

2.1.2 Tunneling current models

A basic model of the tunneling current would be to consider an electron traveling from
a metal electrode (the sample) with a work function @, to another electrode (the tip) with
a work function ®;. One can show that the probability of an electron from the n-th state
of the sample at z = 0 (described by its wave function ¥, (z = 0) and its energy E,) to

tunnel through the vacuum to the tip located at a height z, can be written as:

P x T(E,) x |¥,(z = 0)|? (2.12)

Based on equation 2.10, one can show that the transmission coefficient follows the
same exponential decay with a typical constant:
2m(Vop — B 2m (W
o (Vo ) ~ m (W) (2.13)
h? h?
where (W) = % is the average work function of the tip and the sample. The typical
workfunction for metals is around 5 eV. Consequently, tunneling regime is achieved for

typical distances of Z = L = 5A.

According to the Pauli’s exclusion principle, two electrons cannot occupy the same
quantum state. Consequently, electrons from an electrode cannot tunnel to occupied levels
of the other electrode but must reach unoccupied states. That is why a bias is imposed
between the two electrodes to shift the Fermi level of an electrode with respect to the Fermi

level of the other electrode. Consequently, in case of elastic tunneling (£, - =F ),

initial efinal
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2.1 Scanning Tunneling Microscopy

all the electrons having energy between Ep and Ep 4 V), can possibly tunnel from an
electrode to the other [114]. Therefore, the tunneling current can be expressed as the sum

of individual probabilities:

EF+€Vp
I xe Z W, (2 = 0)|° x e (2.14)
E,=FEr
Ea
Vacuum level
‘
\.‘“‘“ﬁ

Empty

Figure 2.2: Scheme illustrating the tunnel current flowing from the occupied states of one
electrode to the unoccupied states of the other electrode when a bias V), is applied between

the two electrodes.

For sufficiently small bias voltages, equation 2.14 can be conveniently written in terms
of the the local density of states (LDOS, ps) at the Fermi level

Ep-f—evp

1
po(Er,2) = <+ > [ W(z=0)f (2.15)
€V g =FEp

The Local Density of States is a physical quantity that gives the space-resolved number
of electrons per unit volume per unit energy at a given energy. Thus, injecting equation

2.15 in equation 2.14, one gets:

I x Vyps(Ep,2) x e (2.16)
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2. EXPERIMENTAL SET UP AND TECHNIQUES

With this very simplified model, the tunneling current between the two electrodes
appears to depend exponentially on the distance between the tip and the sample, which
makes the scanning tunneling microscopy very sensitive to corrugations of the surface
electron density. Typically, a variation of 1 A in the sample-tip distance causes a change

of nearly one order of magnitude in the tunneling current.

2.1.2.1 Bardeen’s approximation

In 1961, two decades before the invention of the Scanning Tunneling Microscopy,
Bardeen developed a model to explain tunneling in systems of planar superconducting
electrodes separated by thin oxide barriers [115]. In his model, he considered both elec-
trodes (the tip and the sample in our case) as independent systems with two different
known hamiltonians. Thus, solving the Schrodinger equations of the two unperturbed
systems, he used time-dependent first order perturbation theory to calculate the tunnel-
ing current between planar electrodes. The transition probability I' of an electron for a

state u to a final state v is determined by Fermi’s golden rule and expressed as:

2
= % \M,.,[>5(E, — E,) (2.17)

Applied to the electron tunneling from the surface to the tip, M, , is the tunneling
matrix element corresponding to the transition between the states ¥, of the tip and ¥, of
the surface. I, and F, are the corresponding energies of states ¥, and ¥, respectively, in
the absence of tunneling. Bardeen demonstrated that M, , can be expressed by a surface
integral on a separation surface A between the states of the probe ¥, and the surface U ,:

72

M,,=—— [ VT, — ¥,V dS. (2.18)
’ 2m A

The knowledge of the unperturbed states of the sample and the tip is thus required
to calculate the tunneling current using Bardeen’s model. Based on the Bardeen ap-
proach and using the WKB (Wentzel-Kramers-Brillouin) approximation [116], one can

demonstrate that the tunneling current can be expressed as:

+oo
1(,V, T) o / pu(B)pi(E — V) [f(E = eVy) — ()| T(B, 2, V,)dE (2.19)

—00

where f(E) is the Fermi-Dirac distribution, ps and p; the LDOS of respectively the tip

and the sample.
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2.1 Scanning Tunneling Microscopy

In this equation |M(E)|> = T(E, z,V,) is the transmission of the tunneling barrier

that can be expressed as:

T(E,z,V,) x exp (—2\/? [(W} + % —(E - EF)} z) (2.20)

where (W) = w is the mean work function of the sample and the tip. One can
notice that the transmission function has not the same expression than the one for the
square barrier. In this model, a trapezoidal barrier is assumed due to the bias applied

between the tip and the sample.

Ea
Vacuum level
‘
\ m
@5 lu s

Figure 2.3: Basic scheme illustrating the Bardeen approach for computing the tunnel cur-
rent between two electrodes. Bardeen’s approach consists in resolving Shrodinger equation
in the two unperturbed electrodes (solutions Vs and WV, in this figure) and then finding the
solution of the total system using 1st order perturbation by the computation of the matriz

element M.

At the limit of very low temperature, the Fermi-Dirac distribution can be approxi-
mated as a Heaviside distribution, thus leading to the limitation of the integration domain
to [Ep, Ep + V,):
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EF+Vp
I(z,V,,T = 0) x / ps(E)p(E —eV,)T(E, 2,V,)dE (2.21)

Er
Through the equation 2.21, one can see that the tunneling current depends on both

sample and tip electronic properties with an exponential decay in the barrier height di-
rection. Depending on the bias V,, sign, one can see that the current can flow either from

the sample to the tip or from the tip to the sample.

2.1.2.2 Tersoff-Hamann model

wt . s-wave tip

Ws : Bloch waves

Figure 2.4: Basic scheme illustrating the Tersoff-Hammann approach. They modeled the
tip by a sphere a radius R having a s-orbital wave function. The surface is modeled by a

sum of Bloch waves decaying exponentially perpendicularly to the surface.

No clue about the spatial dependence of the tunneling current or any consideration on
the tip shape is however done in the model described by the equation 2.21. To model the
Scanning Tunneling Microscope, J. Tersoff and D. R. Hamann used the Bardeen approach
and modeled the tip as a radially symmetric wave function (s orbital) and the sample as
a sum of Bloch waves decaying exponentially perpendicularly to the surface [117, 118].
Under these conditions, the matrix element M, , is found to be proportional to the sample

wave function evaluated at the position of the tip center of curvature:

M,,,, o< W, (7p) (2.22)

Injecting this expression of the matrix element in the Bardeen’s tunneling current

expression (2.17) leads to:
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2.1 Scanning Tunneling Microscopy

I |9, (/%) 6(E, — Er) (2.23)

J/

ps(760,Er)

This equation shows that according to this model, in the STM imaging mode (spherical
apex tip and plane surface), the tunneling current is actually proportional to the LDOS
of the sample evaluated at position of the center of curvature of the tip (i.e at the tip
position) at the Fermi level. This basic model can thus explain why one can probe local
electronic properties of the sample with the tip. However, this is not suitable to explain
atomic resolution of metal surfaces as well as the imaging of adsorbed molecules, but it

provides a qualitative picture of the surface.

2.1.3 Contrast and interpretation of STM images

As explained in the previous section, the current flowing between the STM tip and the
sample depends on the local electronic properties of the sample, but also on the tip LDOS
and on the sample tip distance. Therefore, assuming that the feedback loop is operating
under the constant mode (which will be described more precisely in section 2.2.1.2) and
that the tip electronic properties remain unchanged during the scan, the tip-surface dis-
tance is modified both for topological reasons (surface steps, holes, atomic corrugation)
and also by electronic properties variations. The contrast in STM images of homoge-
neous sample, meaning sample with homogeneous electronic properties, is only due to the

topology of the sample (Figure 2.5a).

STM tip Constant current

2 STM tip Constant current b)
Tip path Tip path

w

Region 1 H Region 1 1 Regionj 1 Region 1 1 Region 1

Figure 2.5: [llustration of a constant current STM scan over (a) a homogeneous sample
(b) an heterogeneous sample with different electronic properties. The resulting image in
the second case not only corresponds to the topology of the sample but also to the electronic

properties variations.

In the case of inhomogeneous sample, the STM image contrast is not only due to

the topology of the sample but also to the variations of the electronic properties of the
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sample (Figure 2.5b). Therefore, the basic interpretation of the STM images being a
direct measure of the topological height of the surface is most of the time not entirely
right. Chemisorbed oxygen on metallic surface is a good counter-intuitive illustration of
that phenomenon. Indeed, even if the molecular oxygen atoms are chemisorbed on top of
the surface, they appear like depressions (meaning under the surface) on the STM images.
A major part of this work consisted in imaging molecules on surfaces. The previous model
only considered the tunneling of electrons between two metallic electrodes. This model can
be extended to molecules (insulators) adsorbed on surfaces, taking into account the energy
levels of the adsorbed species (Figure 2.6). Depending on the sign of the bias voltage
applied, empty (LUMO, LUMO+1, etc...) (Figure 2.6b) or occupied (HOMO, HOMO-1,
etc..) (Figure 2.6a) states are involved in the tunneling process and therefore are observed
on the STM images. However, due to the close proximity between the molecules and the
surface, the molecules electronic states are often modified by the electronic coupling (I")
with the surface atoms resulting in a broadening and /or a shift of the molecular levels with
respect to free standing molecules. Consequently, a decoupling layer (e.g sodium chloride
layer) between the molecules and the metallic surface is usually required to observe the
molecular orbitals of organic molecules. Thin layers (few monolayers) of insulating organic
molecules can be successively imaged when adsorbed on top of metallic surfaces due to
electronic coupling with the surface. The STM contrast of such molecules usually depends
on the bias applied because of the molecular electronic states (often modified by the
electronic coupling with the surface) involved in the tunneling process. To conclude, the
contrast in STM images not only originates from topological height of the surface but also

depends on the bias, the electronic properties of the sample and of the tip.

(a)

Figure 2.6: Energy diagram for an STM junction when applying a negative (a) or positive
(b) sample bias. A molecule is electronically coupled (T') to the substrate, leading to a shift
and a broadening of the molecular orbitals. [119]
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2.2 Experimental set-up at CEA Saclay

All the experiments performed at CEA Saclay during this project where carried out
in a UHV system made of two chambers. I will describe these chambers and the related

instruments and pumping elements in this section.

2.2.1 STM head

An Omicron VT-STM coupled with a Nanonis electronic system for acquisition were
used during this project. In this section, I will describe the main components of the STM
head.

2.2.1.1 Piezo-electric scanners

A piezoelectric scanner is used to move the STM tip attached to the piezoelectric tube
in all directions of the space (z,y,z). This motion is produced by using a piezoelectric
material which can be expanded or contracted when applying a voltage on it (=~ 10
A for 1V). Therefore, it is possible to adjust the position of the tip with a very high
precision, which is mandatory especially for the z direction. Indeed, we have seen in the
previous section that the tunnel regime is achieved when the tip is only few Angstrom
away from the surface. Thus, a very precise control of the z position of the tip is necessary
to prevent the tip from crashing into the surface. Piezoelectric motors are generally made
of ceramic materials . They do not have to be magnetically shielded and can be made
more compact and efficient than electric motor with a high degree of accuracy without

significant vibrations or heat.

2.2.1.2 Current feedback loop and data acquisition

Two imaging modes are often used in STM:

The constant height mode: In this mode, the z position of the tip is fixed and the
(x,y) piezo scanners sweep the area of interest line after line while the tunneling current
is registered. This method suffers from a serious drawback. Indeed, tthe height of the tip
remaining constant, the tip can crash into the surface because of surface topology change

(several steps) or pollution on the surface.

The constant current mode: This mode is very often used for Scanning Tunneling
Microscopy measurements. The user applies a bias between the tip and the sample and
set a desired tunneling current. Z-piezoscanner will move the tip upwards or backwards

until the desired tunneling current is achieved. The z-variation necessary to reach the
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Figure 2.7: Illustration of the working principle of an STM in the constant current mode.
A bias is applied between a sharp tip and the sample separated by a distance of few
Angstrom. The current tunneling between the sample and the tip is measured and the

position of the tip is adapted using piezoscanners to maintain a set current value using a

feedback loop. Adapted from ref [120].

desired current is registered and the tip is moved to the neighboring measurement position
through (x,y) displacement. The tunneling current is measured at the new position and
similarly, the height of the tip is changed until the set current is reached. It goes on
and on until the whole area has been scanned. Current feedback loop is driven by a
proportional-integral-derivative (PID) controller on the Nanonis electronics. One has to
precisely tune the feedback parameters in order for the tip to be stable and thus to get

accurate measurements. One can also vary the scanning speed of the tip on the surface.

2.2.1.3 Vibration damping systems

Another essential part of an STM is the vibration isolation system, which minimizes
the mechanical noise. The minimization of the mechanical noise is crucial to obtain well-
resolved STM images and also to protect the tip from crashing into the surface. The
vibration isolation of our STM apparatus consists of two systems. First, the whole STM
head is suspended by vertical springs to isolate the STM head from vertical vibrations.
In addition, copper plates are attached all around the STM head and permanent magnets
fixed to the UHV chamber are positioned in between these copper plates. This system

suppresses lateral displacements due to Eddy current damping generated when copper
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plates are moving with respect to the permanent magnets. To conclude, vibration damp-
ing systems are used to suppress both vertical and lateral vibrations of the STM head
that can dramatically affect our measurements. However, careful attention has to be taken
when acquiring STM data since perturbation from the outside (sound, slamming doors,

etc...) can badly affect our measurements despite these vibration damping systems.

/‘_ Springs

| .
Tip ﬂ

Figure 2.8: (a) Scheme of the STM head used during my PhD showing the two vibration
damping systems (vertical springs and eddy current system). (b) Picture of the STM head
of the VT Omicron STM used during my PhD [121].

2.2.2 Ultra high vacuum chambers

We used a commercial Omicron VT STM for our measurements. It consists of two
main chambers operating in UHV separated by a valve. The STM head and a wobble
stick to manipulate the sample are located in the first chamber also called STM chamber
(Figure 2.9B). The second chamber is dedicated to the sample preparation (Figure 2.9A)
(bombardment, annealing, evaporation) and a small load-lock chamber (Figure 2.9C) is
connected to the preparation chamber to introduce or remove the samples and the tips

without putting all the system at ambient pressure.

2.2.2.1 Pumping elements

As explained in the previous sections, our system operates under Ultra High Vacuum
with typical pressure of ~ 107!° mbar. Our samples are kept “clean” in UHV environ-
ment, or at least mostly free of pollutants or contaminants for a respectable amount of time
which is of prime importance when characterizing raw surfaces or system with monolayer
coverages with atomic resolution. This UHV conditions are achieved after baking-out all

the system at a temperature of around 100-150°C for typically 48 hours. The whole system
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Figure 2.9: Picture of the UHV system used at CEA Saclay made of two chambers: (A)
Preparation chamber and (B) STM chamber separated by a valve (G). A load-lock (C)
is attached to the preparation chamber for tip and sample transfer to/from UHV envi-
ronment. An ion bombardment gun (D) is used for sample cleaning and preparation.
Three k-cell organic evaporators (E) are attached to the preparation chamber as well as
an electron-beam evaporator (F') for metal deposition. A quadrupole mass spectrometer
(H) is also attached to the preparation chamber. A sample holder with heating capabilities
is located at the end of a translation arm (I) allowing the transfer of the sample and the

tip between the two chambers.

is pumped by a primary pump which is an oil rotary pump (Figure 2.10a), pumping down
from ambient pressure to approximately 1072 mbar. An additional turbomolecular pump
consisting in a quickly rotating rotor blade and stationary stator blade pair (Figure 2.10b)
is used. The blades transfer their mechanical energy to the gas molecules through colli-
sions. The angle of the blades slightly changes along the turbomolecular pump axis so
that gas molecules have a greater probability to be pushed towards the outlet of the pump
than being reflected towards the inlet according to the Knudsen cosine law. This pump
cannot operate from ambient pressure. That is why a primary pump is associated with a
turbomolecular pump. The whole system (primary + turbomolecular pump) can pump
the system down to pressures of around ~ 107'Y mbar. The main issue with turbomolecu-
lar pumps is that they are operating at high frequency (typically 10 kHz) thus generating

mechanical noise in the STM head. For that reason, these pumps must be shut down be-
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fore STM measurements. Another kind of pump called ionic pumps (one per chamber) are
installed in our chambers. In these pumps, a HV field (few kV) is imposed between two
electrodes leading to electrons emission. A magnetic field is also generated thus leading
to helical trajectories for the electrons. These helical trajectories maximize the collisions
between the electrons and the atoms or molecules of the residual gas. The gas molecules
are ionized after the collision and are thus attracted to the electrodes. These electrodes
are usually made of titanium. Gas molecules are thus glued on the electrode surface upon
collision, thus leading to a pressure reduction. A Titanium Sublimation Pump (TSP)
is also installed in the preparation chamber. A very high current (typically 40 A) flows
into a titanium filament thus leading to the evaporation of titanium atoms. These atoms
will collide with the residual gas molecules on the chamber and then stick them on the
chamber walls. This kind of pump does not operate in continuous mode but only from

time to time.

Figure 2.10: (a) Picture of the Pfeiffer Adizen primary pump used at CEA Saclay (b)

Picture of the typical interior view of a turbomolecular pump showing blades [122].

To summarize, UHV conditions are used in order to synthesize and characterize sample
with very low external pollution (and no solvent-molecule interaction as it can occur for
STM at liquid/solid interface). In order to achieve UHV conditions, primary pumps

coupled to a turbomolecular pump as well as ionic and TSP pumps are used.
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2.2.2.2 Surface preparation elements

The first step of a metal surface preparation is usually the ion sputtering. We used
a so-called ion bombardment gun (Figure 2.9D) in order to bombard the surface with
ionized Argon (Ar™) atoms having a typical energy of 1 keV for typically 10 minutes.
First atomic layers of the surface are usually ripped out, thus getting rid of the impurities

or the pollution that was previously on the surface.

After this step, the metallic surface is usually not flat and a tungsten filament is heated
at temperatures of around 500°C for typically one hour to anneal the sample and also

outgas the residual Ar and the eventual remaining impurities.

2.2.2.3 Evaporation sources

Two different kinds of evaporators were used during my PhD:

Knudsen effusion cell or k-cell

Power supply plug

Watercooling ports )
B: , )

Shutter

Crucible

Figure 2.11: Picture of a Knudsen-cell evaporator similar to the one used during my PhD.

The molecules (powder) are placed into a quartz crucible. This crucible is surrounded
by a filament. A controlled current is set through this filament leading to the progressive
heating of the powder. After reaching a given temperature, molecules start to sublimate

(from the solid phase to the gas phase) leading to an increase of the chamber pressure
(Figure 2.9E and Figure 2.11).

Using the gas kinetic theory, the mean free path between two molecular collisions in

the gas phase can be written as:

kT
V2nd,p

where p is the pressure, T' the temperature and d,, the molecule diameter.

l= (2.24)
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2.2 Experimental set-up at CEA Saclay

Considering typical values corresponding to our working conditions, 7' = 300K, p =
1071 mbar and d,, = 2 nm, we get I~ 2.3x10* m that is of course much greater than the
typical dimensions of our chamber. Consequently, we consider that we are in the ballistic
transport regime. In other words, the molecules are traveling without any collision from

the evaporator to the sample and form a so-called “molecular beam”.

A thermocouple is also included in the evaporator allowing a fine monitoring of the
temperature. A shutter is placed at the end of the k-cell tube preventing molecules
from reaching the chamber. This shutter is only opened for the molecule deposition
operation and thus provides an efficient way to control the deposition time. This allows
to control the amount of molecules deposited on the surface which is crucial for deposition
at submonolayer coverages. Three k-cell evaporators are installed on the preparation

chamber.

Electron-Beam evaporator (e-beam evaporator)

We used a EGC04 e-beam evaporator from Oxford Applied Research for metal deposi-
tion (Figure 2.9F and Figure 2.12). This evaporator has four identical pockets consisting
of one filament and one metallic rod. A significant current (typically 4A) is set in the
filament thus leading the thermal emission of electrons. A high voltage (typically 2kV)
is set between the filament and the metallic rod. Consequently, highly energetic thermal
electrons are accelerated toward the metallic rod and are bombarding its apex, leading
to a local heating. By increasing the current flowing in the filament, the number of ther-
mal electrons emitted is increased. Consequently the number of electrons bombarding
the metallic rod grows, increasing its temperature. An electrode is measuring the flux
of metallic ions generated by the electrode bombardment. This flux value gives a good
indication of the metal evaporation rate. Similarly to k-cells, the e-beam evaporator is
water-cooled and a shutter controls the output. Up to four different materials can be

co-deposited (at the same time) depending on the shutter position.

y Shutter

4 pockets with filament
and metal rod

Figure 2.12: Picture of an EGC04 e-beam evaporator used during my PhD.
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2.3 Au(111) substrate

Figure 2.13: Gold face centered cubic crystal.

All the nanoarchitectures presented in the following chapters were engineered on an
Au(111) surface. Au(111) surface reconstruction will be briefly described in this section.
Gold (atomic number 79) crystallizes in a faced centered cubic (fcc) structure with a
lattice parameter b of 4.08 A, represented in Figure 2.13. The distance between the two

nearest gold neighboring atoms is a = @ b.

The Au(111) surface atoms are not arranged in the same way than the underlying
atoms. A rearrangement (called surface reconstruction) of the atomic packing occurs
at the surface in order to minimize the surface energy. An atomic overdensity is thus
observed at the topmost surface layer involving a contraction in the [110] direction of the
hexagonal lattice. In the [110] direction, the distance between 24 atoms of the topmost
layer is equal to the distance between 23 bulk atoms (corresponding to a distance of
22a). This contraction in the [110] direction induces a shift in the perpendicular [112]
direction and the appearance of hcp domains alternating with fcc domains. A periodic
structure with a rectangular unit cell of 22 x V3 a is observed. The superstructure formed
by the atomic rearrangement at the surface consists of alternating fcc and hep packing
domains with in a transition area in between (Figure 2.14). A corrugation is observed
on the surface due to the height difference of surface atoms in the superstructure. The
highest gold atom of the reconstruction unit-cell is observed in a bridge site at the hcp-fee

interface and the lowest is observed in the hep domain (Figure 2.14b).
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2.3 Au(111) substrate

@ First layer
() Second layer

0. 000000000 00 Q o
280088 eeeee U

Figure 2.14: (a) Atomic resolution STM image of the fec-hep transition at the Au(111)
reconstructed surface. 10x5 nm?; Vy = 0.50 V, I, = 0.07 nA. (b) Position of the surface
and bulk atoms (adapted from [123]) on the reconstructed surface.

The corrugation amplitude of the superstructure is typically of 0.2040.05 A. These
bridge atoms form periodic double-line domains. The Au(111) reconstructed surface thus
exhibits a periodic pattern of pairwise parallel corrugation lines oriented in the [112]
direction (Figure 2.15). The large area between two corrugation lines corresponds to fcc
domains and the small area between two neighboring corrugation lines corresponds to
hcp domains. The distance between two pairs of corrugation lines corresponds to the
periodicity of the superstructure (22a = 63 A). It can be used as a reference to calibrate
STM images.
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2. EXPERIMENTAL SET UP AND TECHNIQUES

Figure 2.15: STM image of the corrugation lines of the Au(111) reconstructed surface.
12x12 nm?; V, = 0.50 V, I, = 0.07 nA.

An additional long-range periodicity can be observed in the reconstructed topmost
layer. This periodicity is due to the rotation (£120°) of the corrugation lines direction
according to the equivalent directions of gold crystal at the “elbows” of the reconstruction
(Figure 2.16).

Figure 2.16: Atomic resolution STM image of elbows of the Au(111) reconstructed surface.

12x12 nm?; Vo = 0.70 V, I, = 0.17 nA. (b) [12}] Atomic representation of Au(111)
elbows.
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2.3 Au(111) substrate

A zig-zag pattern (often called “herringbone”) is thus observed with a typical distance
of 250 A between two rotations (Figure 2.17). The rotation of the superstructure orien-
tation thus allows the constraint relaxation along all the three equivalent [110] directions
of the Au(111) surface.

Figure 2.17: Large scale STM images of the 22x+/3 herringbone surface reconstruction of
the Au(111) surface. (a) 145x 145 nm?; Vy = 1.50 V, I, = 0.04 nA. (b) 145x 145 nm?;
Vs =1.50 V, I, = 0.04 nA.

Chapter conclusion

In this chapter, the Scanning Tunneling Microscopy (STM) technique and the associ-
ated tunnel effect were described. STM appears as a powerful characterization technique
in the scope of this project. STM allows the access to the properties of surfaces or thin
films with an atomic resolution capability. To avoid external pollution, the nanoarchi-
tectures presented in this manuscript were synthesized in an Utra High Vacuum (UHV)
environment on reconstructed Au(111) surfaces. The UHV experimental set-up including
chambers, pumps, organic and inorganic evaporators were also described in this chapter.

Finally, Au(111) substrate was presented.
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Chapter 3

PTCDI on Au(111): Influence of
local arrangement on self-assembly

electronic properties

The objective of this chapter is to demonstrate the influence of the local structural
arrangement on the electronic properties of a 2D organic film on a metal surface. The
example discussed in this chapter consists in thin films (< 1 monolayer) of perylene
derivative (PTCDI) molecules evaporated on Au(111) substrate.

Perylene diimide derivatives are fascinating molecular building blocks for engineer-
ing organic devices due to their outstanding chemical and thermal stability as well as
their long-lasting photostability [125]. These molecules usually possess the ability to self-
assemble into well-defined structures on surfaces [126, 127, 128, 129, 130, 131]. Intense
research effort is currently focused on optimizing molecular self-assembly to engineer or-
ganic layer [132, 133, 134, 135] with new or optimized structural, electronic and optical
properties [136, 137, 138]. The transport model developed by Barraud et al. [139] re-
veals actually that interfacial metal/molecule hybridization is a key parameter driving
the properties of organic devices. Engineering metal /organic interfaces at the molecular-
level is expected to provide new opportunities to generate new electrical functionalities in
supported organic nanoarchitectures. Sedona et al. were for example able to switch the
catalytic activity of iron-phthalocyanine molecules deposited on Ag(110) [140] by driving
supramolecular long-range arrangement and molecular local adsorption geometry. Molec-
ular and nano-object electronic properties are also influenced by conformational changes
(141, 142] as well as binding geometry and nature [143, 144, 145].

Intermolecular coupling resulting from molecular packing is for example strongly af-

fecting the charge transport though an organic film. [146, 147, 148]. It is however usually
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3. PTCDI ON AU(111): INFLUENCE OF LOCAL ARRANGEMENT ON
SELF-ASSEMBLY ELECTRONIC PROPERTIES

unclear how molecular lateral packing affects molecular electronic properties at the atomic
level in a 2D nanoarchitecture or if new localized electronic states can be generated in the

organic single-layer.

3.1 Canted nanostructure

Figure 3.1: STM images of PTCDI canted nanoarchitecture, (a) 14x 12 nm?; V, = 0.60 'V,
I = 0.2nA, (b) 55 nm?; V, = 0.01 V, I, = 0.6 nA. Molecule model are superimposed
to the STM image in (b).

The STM image presented in Figure 3.1 shows that PTCDI self-assembles into a canted
structure on Au(111)-22 x /3 at room temperature!. This structure has been previously
described in detail by Mura et al. [131]. In contrast with the side-by-side arrangement
(Figure 3.2a), no bright spot is observed in the vicinity of neighboring molecules, i.e.
the gap between molecules appears dark in the STM image. In addition, no distinct
intermolecular feature can be observed in this structure. The network unit cell of this
hydrogen-bonded “canted” structure is a parallelogram with 1.6 nm and 1.5 nm unit cell
constants and an angle of 95° between the axes. Calculations showed that oxygen atoms
of PTCDI molecule are all forming O---N-H single or O---H-C double hydrogen bonds
with neighboring molecules [131]. These bonds are represented by red dotted lines in the
STM image (Figure 3.1b).

!Experiments were performed in a ultrahigh vacuum (UHV) chamber at a pressure of 10~% Pa.
The Au(111) surface was sputteredwith Ar™ ions and then annealed in UHV at 600°C for 1 hour.
PTCDI molecules, Figure 3.2e, were evaporated at 250 °C and deposited on the gold surface kept at room
temperature. Cut Pt/Ir tips were used to obtain constant current STM images at room temperature with
a bias voltage applied to the sample. STM images were processed and analyzed using the home made

FabViewer application [149].
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3.2 Side-by-side arrangement

3.2 Side-by-side arrangement

Figure 3.2: (a) High resolution STM image of the PTCDI parallel nanoarchitecture,
5x5 nm?; Vo = 040 V, I, = 0.6 nA. (b) 1x1 nm?; (b) Scheme of the unit cell. The
unit cell is represented by dotted purple lines. (d) Charge density contours of the PTCDI
LUMO. (e) Scheme of the PTCDI molecule. Carbon atoms are gray, oxygen atoms are

red, nitrogen atoms are blue and hydrogen atoms are white.

The STM image presented in Figure 3.2a shows that PTCDI also self-assembles into
a compact nanoarchitecture on Au(111)-22 x /3 at room temperature. The network
unit cell is a parallelogram with 1.0 nm and 0.8 nm unit cell constants and an angle
of 80° between the axes. Molecules are arranged side-by-side and are forming rows in
this structure. Molecules of neighboring rows are bonded through double-hydrogen bonds
(O---H-N) between imide groups. Intermolecular features are surprisingly visible in the
STM images at room temperature (Figure 3.2a). Figure 3.2c is a high resolution STM
image of a single molecule in the nanoarchitecture. The molecule is composed of ten large

bright spots in the STM images at positive bias (empty states). The size and spatial
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distribution of these spots are in a very good agreement with the calculated charge density
contour of PTCDI lowest unoccupied molecular orbital (LUMO). The LUMO contour
(Figure 3.2d) was calculated using complete neglect of differential overlap (CNDO) semi-
empirical method. The charge densities related to the LUMO are mainly distributed over
the perylene core and have a 7 character. Additional features are observed in the STM
images in the gap between molecules of neighboring rows (in the center of the unit cell
drawn in Figure 3.2a). These features are comparable to double-bright spots. It should
be noticed that the intensity of these bright spots is lower than the intensity of molecular

feature in the STM images.

Figure 3.3: (a) STM image of the double and triple side-by-side PTCDI nanolines,
5x5 nm?; Vo = 0.60 V, I, = 0.5 nA. Molecules of the central line (b) and the side

line (c,d) of the triple-nanoline structure, 1x 0.8 nm?.

The domain boundary between double and triple side-by-side PTCDI nanolines is

shown in Figure 3.3. STM reveals again intermolecular features in these structures. The
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3.3 Tip-induced structural reorganization

features of central chain molecules in the triple-nanoline structure (Figure 3.3b) cor-
respond to the spatial charge densities related to the LUMO, as it was observed for
molecules in the side-by-side structure (Figure 3.2). In contrast the intramolecular fea-
tures are highly reduced in the side-lines of the triple-nanoline structure (Figure 3.3c,d)
as well as in the double-nanoline structure (Figure 3.3a). Bright spots are observed
in the gap between molecules in the double-line as well as in the triple-line structures,
when molecules are arranged side-by-side. In comparison the row boundary between
nanoline-domains appears dark in the STM image. At the row boundary, molecules are

not arranged side-by-side but adopt locally the packing of the canted structure.

3.3 Tip-induced structural reorganization

Figure 3.4: Two successive STM images of PTCDI nanoarchitectures, 10x 10 nm?; (a)
Ve =070V, I, = 0.4 nA, (b) Vs =0.50 V, I, = 0.2 nA.

The Figure 3.4a shows an STM image of the domain boundary between several PTCDI
nanoarchitectures. The double and triple-line structures are colored in green and yellow
respectively, whereas the canted structure is colored in red and the side-by-side arrange-
ment appears in brown color. The molecules colored in blue are single molecules perpen-
dicularly bonded to the different PTCDI nanoarchitectures. This STM image reveals that
bright spots are located between molecules in the side-by-side arrangement, and in the
double and triple row structures. Bright spots are also observed at the junction between
the canted structure and single blue molecules and at the junction between the canted

structure and single blue molecules.
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Repeated STM scans at V, = 0.5 V were used to modify molecular arrangement.
After few STM scans, the binding of the blue molecule is broken. This leads to the
rearrangement not only of the blue molecules but also of the neighboring red molecules in
the canted structure. The resulting organic structure can be observed in Figure 3.4b. It
results in the growth of the double-line (green) and the side-by-side structures (brown).
The bright spots between molecules are visible in these newly-generated structures.

However two local defects (dark spots) are visible in the side-by-side structure in the
top of Figure 3.4. A high resolution image of this area is presented in Figure 3.5a. The
STM image shows that the molecules located between the two dark spots do not have
exactly the same orientation as the neighboring molecules in the domain, i.e. they are
rotated by few degrees. In addition, they do not have the same aspect as the other
molecules in the side-by-side arrangement. After repeated STM scans on this area, these
molecules adopt the same orientation as their neighbors. This leads to the disappearance

of the two dark spots, which are replaced by bright double-spots (Figure 3.5b,c).

Figure 3.5: (a,b,c) Three successive STM images of PTCDI row nanoarchitecture,
10x6 nm?; V, = 0.50 V, I, = 0.2 nA.

3.4 Localized electronic coupling

The STM images show that bright spots appear at the extremity of molecules in
specific 2D PTCDI nanoarchitectures. These spots are observed in the molecular side-
by-side arrangement but not in the canted PTCDI structure, where molecular chains are
shifted. The fact that the appearance on bright spots depends of molecular arrangement
(Figure 3.4, 3.5), reveals that the bright spots result from lateral intermolecular electronic
coupling. STM image analysis especially shows that this coupling is localized in the

gap between neighboring molecules, where molecular oxygen atoms are not involved in
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3.4 Localized electronic coupling

hydrogen bonds. In the case of the canted structure, Mura et al. showed previously that
all PTCDI oxygen atoms are involved in hydrogen-bonds, due to the opposite molecular
orientation (£12°) along neighboring chains. No bright spot is observed in this structure.
When molecules are arranged side-by-side, two of their oxygen atoms are not forming
hydrogen-bonds with neighboring molecules. These atoms are marked by yellow dotted
circles in Figure 3.6a. This area corresponds to the location of double-bright spots in the
STM image. These bright spots are also observed at the domain boundary between the
canted structure and perpendicular molecules (Figure 3.6b). In that case as well oxygen
atoms are not involved in hydrogen-bonding with neighboring molecules (yellow dotted
circles in Figure 3.6b). This molecular arrangement also leads to the appearance of bright
spots in the vicinity of the “non-connected” oxygen atoms. This electronic coupling is
also observed at the domain edge (Figure 3.6¢). It should be noticed that there is no
bright spot at the molecular edge. Therefore, when a neighboring molecule is missing at
the domain edge, no electronic coupling is observed around a non-connected oxygen atom
(green dotted square in Figure 3.6¢). The generation of this extremely localized electronic
coupling therefore requires at least two neighboring molecules (along the main molecular
axis (Figure 3.6¢)) and one oxygen atom not involved in hydrogen bonding.

The STM images reveal moreover that the appearance of molecular lateral electronic
coupling modifies the aspect of the PTCDI molecules. The LUMO state of the molecule
can be surprisingly imaged with STM at room temperature. The molecular states are
usually broaden at the interface with a metal surface. For this reason, these states are es-
pecially difficult to probe with STM at room temperature. This is why PTCDI molecules
adopt the “usual” peanut-shape in the STM images at room temperature, as observed in
the canted structure (Figure 3.1). The fact that the LUMO state is clearly resolved with
STM in the side-by-side arrangement at room temperature demonstrates that lateral inter-
molecular electronic coupling reduces molecule-substrate coupling (i.e. electronic states
become sharper). The electronic states of the molecule in the side-by-side arrangement
correspond then to those of an isolated molecule (i.e. a non-supported molecule).

Our observations show that it is therefore possible to generate and organize localized
electronic states into various 2D nanoarchitectures by tailoring PTCDI assembly, i.e.
side-by-side arrangement, double and triple-line structures. The STM tip can be used
to create these structures, as shown in Figure 3.4. In addition, the STM tip can also
be used to activate locally these states for example in the side-by-side arrangement, as

demonstrated in the Figure 3.5¢-d without modifying molecular arrangement.
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Figure 3.6: (a) 4x3 nm?;, V, = 0.40 V, L = 0.6 nA; (b) 4x3 nm?, V, = 0.70 V,
I, = 0.4 nA; (c) 5x4 nm?, V, = 0.50 V, I, = 0.3 nA.
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Chapter conclusion

In summary, we investigated lateral inter-molecular electronic coupling in PTCDI two-
dimensional nanoarchitectures on Au(111) at room temperature. STM reveals that new
localized electronic states appear between molecules in a side-by-side arrangement. We
show that the STM tip can be used to modify PTCDI self-assembled nanoarchitecture
and to activate these local electronic states. These results show that two-dimensional
nanoarchitectures of localized electronic states can be engineered on Au(111) at room
temperature taking advantage of PTCDI molecular self-assembly. These observations
open new opportunities to engineer novel organic materials for the high density data
storage at room temperature or to tune organic layer electronic property. Another way
to modify or engineer new self-assembled nanoarchitectures with different structures and
properties is to take advantage of other intermolecular interactions than H-bonds. In
the following chapter, we will investigate the interaction between the PTCDI molecules

studied in this chapter and sodium chloride on Au(111) surface.
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Chapter 4

Engineering of new PTCDI-NaCl

hybrid ionic-organic nanostructures

The objective of this chapter is to take advantage of ionic-organic interactions to engi-
neer organized 2D organic self-assembly. The system studied here consists in a combina-
tion of PTCDI molecules (studied in chapter 3) and sodium chloride (NaCl) on Au(111)
surface. Pristine sodium chloride layers evaporated on Au(111) surface will be described.
The influence of the annealing temperature on the formation of hybrid PTCDI-NaCl

nanoarchitecture is also investigated in this chapter.

4.1 Sodium Chloride on Au(111)

Cl-

4

Na+

Figure 4.1: (a) Ball and stick model of sodium chloride crystal with face centered cubic
lattice. Sodium (Na™) ions are purple and chlorine (CI~) ions are green. The lattice
constant is b = 5.64 A.
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Sodium Chloride is an ionic compound of chemical formula NaCl, representing a 1 to
1 ratio of positively charged sodium and negatively charged chloride ions. In the bulk
phase, NaCl crystallizes in a face-centered cubic (fcc) lattice with a lattice constant of
5.64 A (Figure 4.1). Within the fcc latice, the first ion is located at each lattice point
whereas the counter ion is located halfway between lattice points along the fcc unit cell
edge. Each ion is thus surrounded by six oppositely charged ions. The equivalent (100),
(010) and (001) planes of the NaCl crystal are electronically neutral because they possess
the same number of Na™ and C1~ ions. Bulk sodium chloride is an electric insulator with
a bandgap of 8.97 eV. However, NaCl can be imaged with Scanning Tunneling Microscopy

when deposited at low thickness on metallic surface.

Figure 4.2: (a) Scheme and (b) atomic resolution STM image of a sodium chloride bi-
layer on Au(111) surface. The red square connects four closest chlorine ions. 5X& nm?;

When sodium chloride is evaporated at low coverage on a bare Au(111) surface, it
forms square domains that grow preferentially at the step edges of the Au(111) surface.
These islands can be observed with STM at reasonably low bias (lower or equal to 2V
<< NaCl band gap). This is due to the electronic coupling between the sodium chloride
and the surface. This coupling is strong enough to image the NaCl islands with thickness
usually up to 3 monolayers. It should be noted that the NaCl islands can grow on both
part of the step edges (top and bottom) without being disturbed (Figure 4.3).

Au(111)-22x+/3 herringbone surface reconstruction is still observed meaning that the
interaction between the sodium chloride and the atoms of the gold surface are rather
small (Figure 4.4). NaCl islands are exhibiting (100) neutral facets as shown on the high
resolution STM images(Figure 4.2). It was previously shown by DFT calculations that

bright protrusions correspond to chlorine ions whereas dark depressions correspond to
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Figure 4.3: STM image of a sodium chloride bilayer islands on Au(111) crossing the
substrate step edges of the substrate. 56x 29 nm?; Vy, = 1.21 V, I, = 0.11 nA.

sodium ions [150, 151]. The lattice constant is measured to be 5.740.1 A and the closest
neighbor distance (spacing between two closest Na* or C1~ ions) to be 4.0540.1 A on our

STM images, very close to the bulk phase value and to other measurements on NaCl on

Au(111) surface [152].

Figure 4.4: Atomic resolution STM image of a sodium chloride bilayer on Au(111) surface
showing the corrugation lines of the underlying substrate. 24x19 nm?; V, = 1.21 V,
I, = 0.33 nA.
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4.2 Temperature dependent PTCDI-NaCl nanostruc-
trures on Au(111)

The idea discussed in the next section is to take advantage of organic-ionic interactions
that occur between molecules and ionic salts. As introduced in section 1.1.2.5, ionic-
organic interactions are not completely understood and yet not much explored. We have
seen in Chapter 3 that PTCDI molecules spontaneously form H-bonded self-assembled
organic films on Au(111) surface. Depending on the preparation conditions, adding metal
adatoms on the surface will lead to totally different nanoarchitectures stabilized by metal-
organic arrangement [153, 154]. As a comparison, the strength of the ionic bond can
be ten times higher than H-bond interactions [155]. Among ionic materials, sodium
chloride (Figure 4.1) is an attractive system because it can grow as a multilayer film
on numerous metal surfaces when sublimated in vacuum [152; 156, 157, 158]. Sodium
chloride is often used as a decoupling layer for molecules on metal surfaces. Indeed, the
electronic properties of NaCl-supported molecules strongly differ from the properties of
molecules directly on metal surface [159, 160]. NaCl can however violently react with polar
molecules. H,O is the archetypal polar molecule, it has a permanent dipole. When H5O
is mixed with NaCl, the positively-charged hydrogen atoms interact with the negatively-
charged chloride ions and the negatively-charged oxygen atoms are aligned towards the
positively-charged Na ions. This ion-dipole interaction leads to the dissolution of NaCl.
Despite the strong NaCl-H,O interaction, Chen et al. showed that a new type of 2D
ice structure can grow on NaCl(100) film at low temperature in vacuum [161]. Recent
observations in addition revealed that molecule-alkali metal ion interaction can modify 2D
supramolecular assembly [43, 44, 45]. The objective of the experiments presented in this
chapter is to take advantage on the eventual interactions between PTCDI molecules and
sodium chloride to create another organized nanoarchitectures with different structures
and electronic properties. We will use the annealing temperature as a parameter to tune

the nanoarchitectures structure.

4.2.1 Room temperature deposition: Flower structure
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Figure 4.5: STM images of the PTCDI-NaCl nanoarchitecture after deposition on
Au(111)-22 x V'3 reconstructed surface at room temperature, Vy = 1.3 V, I, = 0.18 nA;
(a) PTCDI molecules trapped in NaCl monolayer domains 15x 14 nm?, (b) PTCDI

molecules arranged in flower-like structure (petals: PTCDI, flower center: small NaCl
clusters) 24x 24 nm?.
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4. ENGINEERING OF NEW PTCDI-NACL HYBRID IONIC-ORGANIC
NANOSTRUCTURES

The flower pattern is presented in the high resolution STM image in Figure 4.6a. The
center of the flower pattern is composed of a small NaCl island. The PTCDI molecules
are attached almost perpendicularly to the NaCl island through their short side. This

leads to the formation of a molecular flower with a NaCl center and PTCDI molecules as

petals (Figure 4.6Db).
®e ﬁ

Figure 4.6: (a) High resolution STM image of PTCDI-NaCl flower V, = 1.2V,
I, = 0.6 nA, 5x5 nm? (b) Model of NaCIl-PTCDI flower. NaCl dipoles are represented by

green circles.
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4.2.2 Porous mesh hybrid nanostructure after 100°C annealing

Figure 4.7: STM image of the PTCDI-NaCl nanoarchitecture after deposition on Au(111)-
(22 x \/3) at room temperature and post annealing at 100°C. 36x 36 nm?, V, = 1.29'V,
I, = 0.11 nA.

Temperature is a key parameter that can influence molecular self-assembly [162]. The
STM image in Figure 4.7 reveals that PTCDI molecules and NaCl form a new porous
“mesh”-nanoarchitecture after annealing the surface at 100 °C for 40 minutes. The small
NaCl islands are not visible anymore. NaCl now appears as a single round spot (Fig-
ure 4.8a), suggesting it corresponds to a single NaCl dimer. The network unit cell of
this porous structure is a rectangle with 2.3 nm and 2.5 nm unit cell constants and an
angle of ~90° between the axes. The model of this porous structure is presented in the
Figure 4.8b.

The building block of this nanoarchitecture is a PTCDI- - - NaCl- - - PTCDI stick (Fig-
ure 4.9¢). The two PTCDI molecules are aligned along their main axis and the NaCl
dimer is connected the molecular imide group. This building block is highlighted by dot-
ted ellipses in the model presented in Figure 4.8b. Neighboring PTCDI. - - NaCl. - - PTCDI

sticks are almost perpendicular to each other in the “mesh”-nanoarchitecture (Figure 4.8).
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Figure 4.8: (a) STM image of the PTCDI-NaCl nanoarchitecture after deposition
on Au(111)-22 x V3 at room temperature and post annealing at 100°C 9x11 nm?;
Vs = 0.60 V, I, = 0.18 nA. (b) Model of the Mesh-nanoarchitecture. (NaCl dipoles
are represented by green circles).

The angle between neighboring sticks is in fact ~80°. Neighboring PTCDI-NaCl sticks ap-
pear to be preferentially connected through N-H---O and H- - - O bonds between PTCDI

molecules (Figure 4.9).

a

b Cl_ C

\X
N >
\X Y Na+ e Al

Figure 4.9: (a) Charge distribution and scheme of PTCDI. Gray balls are carbon atoms,
red balls are oxygen atoms, white balls are hydrogen atoms, and blue balls are nitrogen
atoms. (b) Sodium chloride dimer (c¢) Scheme of PTCDI--- NaCl--- PTCDI stick (per-

spective).
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4.2.3 Hybrid ladder and chain structures after 150°C annealing

After annealing the surface at 150°C for 40 minutes, the STM image shows that
PTCDI and NaCl self-assemble into a new epitaxial “ladder”-nanoarchitecture (Fig-
ure 4.11a). This structure is composed of parallel PTCDI- - - NaCl-dimer straight chains
(NaCl-dimers appear as round spots in the STM image). In this structure, the neigh-
boring PTCDI-NaCl chains are separated by single PTCDI molecules oriented almost
perpendicularly to the chain direction. This “ladder” structure is very similar to the
structure that is observed only very locally with pristine PTCDI molecules (Figure 3.6b
and Figure 3.4a).

Figure 4.10: (a) STM image of the PTCDI-NaCl “ladder” nanoarchitecture. Local
mesh nanoarchitecture is observed at the domain boundary, 12x10 nm?; Vy = 1.8 V,
I, = 0.08 nA. (b) Model of the ladder-nanoarchitecture. NaCl dipoles are represented by

green circles.
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The “rung” PTCDI molecules are oriented almost perpendicularly to the PTCDI chain
molecules to promote double H-bonds. The network unit cell of this porous structure is a
parallelogram with 1.5 nm and 2.0 nm unit cell constants and an angle of ~105° between
the axes. The model of this nanoarchitecture is presented in Figure 4.11b. The parallel
PTCDI- - - NaCl-dimer chains are highlighted by dotted ellipses. Ladder structure with
different orientation are observed. Local “mesh” structure is observed at the boundary
between two domains. This local mesh structure is highlighted by a red ellipse on the
STM image (Figure 4.10a). Due to the geometry constraints of the mesh structure (sticks
are almost perpendicular to each other), the ladder structure orientation appears to rotate

of ~90° at the domain boundary.

Figure 4.11: (a) STM image of the PTCDI-NaCl nanoarchitecture after deposition on
Au(111)-(22 x /3) reconstructed surface at room temperature and post annealing at
150°C, 10x8 nm?*; V, = 1.9 V, I, = 0.2 nA. (b) Model of the chain-nanoarchitecture.

NaCl dipoles are represented by green circles.
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Another kind of nanoarchitecture is observed after annealing the surface at 150 °C. The
STM image shows that PTCDI and NaCl self-assemble into a“chain”-nanoarchitecture
(Figure 4.11a). This structure is composed of parallel PTCDI- .- NaCl-dimer straight
chains. Neighboring PTCDI-NaCl chains are separated by a single PTCDI chain. The
molecules are rotated within the PTCDI chains (12°) to promote hydrogen bonding
(O---H-C) with the PTCDI molecules of the neighboring PTCDI- - - NaCl chains. The
network unit cell of this porous structure is a parallelogram with 1.5 nm and 1.7 nm unit
cell constants and an angle of ~74° between the axes. The model of this nanoarchitecture
is presented in Figure 4.11b. The parallel PTCDI- - - NaCl-dimer chains are highlighted
by dotted ellipses.

In the previous chapter, it was shown that the ladder structure was less stable than
the H-bonded chain structure. Consequently, the “ladder” nanoarchitecture can be inter-
preted as an intermediate structure in the phase transition between the mesh nanoarchi-
tecture and the “chain” structure. The ladder structure combines the PTCDI perpendic-
ular orientation of the mesh nanoarchitecture with the PTCDI-NaCl chains of the hybrid
parallel “chain” structure. NaCl-PTCDI nanoarchitectures are coexisting with PTCDI
films (NaCl islands) when PTCDI (NaCl) is in excess, respectively.

4.2.4 Investigation on the PTCDI-NaCl interactions

STM reveals that the subsequent deposition of NaCl on the Au(111) surface covered
with a PTCDI layer leads to the formation of two-dimensional hybrid nanoarchitectures.
NaCl essentially forms small islands in the organic layer when deposited on the surface
at room temperature. NaCl also appears locally as single and paired round spots in the
STM images (Figure 4.5b). There is no evidence of segregation of Na and Cl ions into
Na or Cl-rich overlayer in the STM images at room temperature or after annealing. The
bright spots localized in the gap between PTCDI molecules (Figures 4.7, 4.11, 4.10a) and
in the NaCl islands (Figure 4.6) have similar contrast in the STM images. These are the
reasons why NaCl single bright spots are attributed to single NaCl dimers, with CI ions
adsorbed on the surface. The NaCl dimers appear to break the known PTCDI 2D H-
bonded self-assembled structures [131]. The dimers form small 2D clusters in the organic
layer at room temperature.

The PTCDI molecules are arranged perpendicularly to NaCl islands, ¢.e. molecu-
lar imide group is connected to the edges of NaCl clusters. Indeed, the STM images
(Figure 4.12) show that PTCDI molecules are aligned with the bright spots (position of
Cl ions) of the NaCl single-layer island ((Figure 4.12a). In contrast PTCDI molecules

are aligned with the junction between two bright spots (position of Na ions) of NaCl
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Figure 4.12: STM images of PTCDI-NaCl island boundary. (a) NaCl single layer island
5x3nm?; Vo = 1.2 V, I, = 0.6 nA.(b) NaCl double-layer island, 5x4 nm?; Vi = 1.3V,
I, = 0.18 nA. The molecular axis (dotted purple line) is superimposed to the STM image

as a guide for the eyes.

double-layer islands (Figure 4.12b). Surface post-annealing at 100°C leads to the dis-
sociation of NaCl islands into NaCl dimers. At high temperature NaCl dimers are
trapped between two imide groups of PTCDI. This results into the formation of straight
PTCDI- - - NaCl. - - PTCDI sticks (Figure 4.9¢). These sticks self-assemble almost perpen-
dicularly into a porous mesh-structure at 100°C. Stick- - -stick binding appears to be
stabilized by double H-bonds (O---H-C) between neighboring PTCDI molecules (Fig-
ure 4.8). At higher temperature the PTCDI-NaCl mesh-nanoarchitecture collapses to
form new arrangements. PTCDI and NaCl dimers are then arranged sequentially along
straight chains. These PTCDI-NaCl chains are separated by single PTCDI chains (Fig-
ure 4.11) or perpendicular molecules (Figure 4.10). The ladder structure appears as a
phase transition structure between the mesh and the chain structure. In the chain struc-
ture, the PTCDI molecules are not perpendicular anymore. The chain-nanoarchitecture
has a higher density (1 mol./128 A?) than the mesh-structure (1 mol./144 A?).

PTCDI molecules and NaCl strongly interact together to form 2D hybrid nanoar-
chitectures. The PTCDI skeleton has a non-uniform internal charge distribution. The
oxygen atoms of the imide groups carry a negative partial charge whereas the N-H groups
carry a positive partial charge (Figure 4.9a). The complementary charge distribution of
NaCl-dimer and PTCDI appears to be at the origin of the long range self-assembly of these
two building blocks (Figure 4.9¢). The STM images show that NaCl-dimers and PTCDI
molecules are aligned along the main molecular axis, i.e. NaCl-dimers are connected
to molecular imide groups. Such interaction was not observed when mixing NaCl with
PTCDA (3,4,9,10-perylene-tetracarboxylic-dianhydride) [163]. PTCDA shares the same
skeleton as PTCDI except that each PTDCI N-H group is replaced by a single oxygen

84



4.2 Temperature dependent PTCDI-NaCl nanostructrures on Au(111)

atom in PTCDA. This means that PTCDI N-H group is at the origin of PTCDI- - - NaCl
binding. STM images show that the PTCDI-.--NaCl interaction is highly directional
and selective. Previous calculations suggested that NaCl chlorine atoms appears brighter
than Na atoms in the STM images [150, 151]. The STM images presented in Figure 4.6,
Figure 4.8, Figure 4.11, Figure 4.10, therefore reveal that the NaCl-PTCDI nanoarchitec-
tures are stabilized by electrostatic interactions between the positively charged PTCDI
N-H group and the negatively charged CI~ ion of NaCl dimer. The CI~ ion appears to
accept the binding of one to two N-H groups. This leads to arrangement of PTCDI and
NaCl dimers into straight sticks or chains. The mesh, ladder and chain NaCl-PTCDI
nanoarchitectures are both resulting from the assembly of a 2-fold coordination motif
(PTCDI- - - NaCl-dimer- - - PTCDI (Figure 4.9)). These nanoarchitectures appear also to
be stabilized by H-bonds between neighboring PTCDI molecules. The STM observations
show that the NaCl- - - PTCDI interactions are strong enough to stabilize the formation

of porous nanoarchictures at room temperature.

Chapter conclusion

In summary, we used scanning tunneling microscopy to investigate the interaction
between PTCDI molecules and NaCl in vacuum. STM reveals that PTCDI and NaCl
self-assemble on Au(111) and form different hybrid two-dimensional nanoarchitectures
depending on the annealing temperature. Non-periodic flower structures consisting in
NaCl center and PTCDI petals were formed after deposition at room temperature. A mesh
structure consisting in an alternation of PTCDI- - - NaCl-dimer- - - PTCDI dimers in two
directions is formed after annealing at 100°C. After annealing at 150°C, a “ladder” and
a “chain” structure, both based on PTCDI-NaCl sticks were formed. Atomic resolution
STM images reveal the ion location in these hybrid nanoarchitectures. We found that
the organic-ionic interactions between PTCDI and NaCl originate from the electrostatic
interaction between negatively charged chlorine ions and positively charged PTCDI N-H
groups. These structures are also stabilized by H-bonds. This system is a promising
alternative to metal-organic and multicomponent organic structures to engineer novel

nanoarchitectures on surfaces.
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Chapter 5

On-surface synthesis of 2D covalent
organic structures versus
halogen-bonded self-assembly:
competing formation of organic

nanoarchitectures

In chapter 3 and 4, examples of nanostructure engineering based on molecular self-
assembly stabilized by H-bonds or ionic-organic interactions were reported. Engineering
nanostructures with higher stability can also be required. Given the energy range of
intermolecular interactions involved in the self-assembly process, covalent bonds formation
appear as an alternative to engineer 2D nanostructures with higher binding energy. In
section 1.1.2.6, we have seen that several on-surface reactions can be used to build C-C
covalent bonds. In this chapter, we will investigate the Ullmann on-surface reaction of an
iodinated star-shaped molecule.

The objective of this chapter is to demonstrate the influence of the precursor diffusion
on the competition between X-bonded self-assembly and on-surface Ullmann reaction.
The system studied here consists in star-shape molecular precursors with terminal iodine
atoms evaporated on Au(111) surface. Systems with increasing precursor coverage (up to

more than one monolayer) will be investigated using STM.

It was shown in section 1.3 that molecules with peripheral halogen atoms are promising
organic building blocks to engineer different types of two-dimensional porous carbon-
nanoarchitectures. The molecular halogen atoms (X) can stabilize highly ordered organic

nanoarchitectures through the formation of intermolecular halogen bonds [26, 27, 28,
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29, 30] (section 1.1.2.3). Halogen-bonded self-assembled nanoarchitectures have been
successfully created using molecules with bromine [31, 32, 33, 34] and iodine substituents
[35].

In addition, these building blocks can also be used to engineer covalent nanoarchi-
tectures taking advantage of on-surface polymerization. 2D covalent-nanoarchitectures
have been fabricated using molecules with bromine atoms [28, 50, 54, 76, 97, 164, 165] as
well as molecules with iodine atoms [28, 89, 166, 167]. However, the competing forma-
tion of halogen-bonded nanoarchitectures and covalent structures on catalytically active
metal surfaces has still to be elucidated to optimize the formation of one specific type
of organic structure. This is essential for example to trigger the formation of porous
graphene-nanoarchitectures over the formation of self-assembled halogen-bonded films at

room temperature.

The chemical structure of the 1,3,5-Tris(4-iodophenyl)benzene (TIPB) molecule is pre-
sented in Figure 5.1a. This 3-fold symmetry molecule is a star-shaped molecule. The
molecular skeleton consists of a central benzene ring connected to three peripheral 4'-
iodophenyl groups. Two molecules are expected to form a covalent dimer (Figure 5.1b)

on metal surface through surface-assisted Ullmann coupling.

a b

© < 1.34 nm

Figure 5.1: Scheme of 1,3,5-Tris(4-iodophenyl)benzene (Coy Hisl3) dimer building block.

Carbon atoms are gray, iodine atoms purple, hydrogen atoms white.

88



5.1 Low coverage (<0.2ML) deposition at room temperature: porous
covalent nanostructure

5.1 Low coverage (<0.2ML) deposition at room tem-

perature: porous covalent nanostructure

Lower terrace

Figure 5.2: STM image of the initial growth of the organic layer after low concentra-
tion deposition (less than 0.02 monolayer (ML)) on Au(111)-22 x /3 ; 22x12 nm?,
Vs = 0.9V, I, =20 pA.

The Figure 5.2 shows the Au(111) surface after low coverage deposition (less than
0.02 monolayer (ML)) of 1,3,5-Tris(4-iodophenyl)benzene (TIPB) molecules’. The STM
image reveals that molecules preferentially adsorb at the gold step edges. The molecules
form small zig-zag chains on each side of the step edge. The center-to-center distance
of adjacent molecules is 1.3£0.1 nm. This indicates intermolecular covalent bonding
(Figure 5.1b). Bright spots can be observed at the apex of molecular arms (highlighted
by black arrows in Figure 5.2). It has been previously experimentally observed with STM
that halogen atoms, such as bromine and iodine, appear brighter than molecular carbon
atoms [35, 168]. These bright spots therefore reveal that molecular iodine atoms are not
systematically dissociated from molecular skeleton when molecules are adsorbed on the

Au(111) surface at room temperature, in contradiction with previous reports [98, 165, 167].

!Experiments were performed in a ultrahigh vacuum (UHV) chamber at a pressure of 10~8 Pa. The
Au(111) surface was sputtered with Ar™ ions and then annealed in UHV at 600 °C for 1 hour. 1,3,5-Tris(4-
iodophenyl)benzene molecules (90%, Aldrich) (Figure 5.1a), were evaporated at 180 °C and deposited on
the gold surface. Cut Pt/Ir tips were used to obtain constant current STM images at room temperature
with a bias voltage applied to the sample. STM images were processed and analyzed using the home

made FabViewer application [149].
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STM images of the surface step edges after 0.10 ML deposition are presented in Fig-
ure 5.3a,b. The STM images show that small porous structures are growing from the
Au(111) step edges to the surface terraces. The STM images also reveal that bright spots
are now adsorbed on the step edges. This is particularly obvious in the high resolution

STM image in Figure 5.3b. Free iodine adatoms generated during the polymerization of

molecular building blocks appear to preferentially adsorb on the Au(111) step edges.

Figure 5.3: STM images of the initial growth of the organic layer after low concentration
deposition (0.1 monolayer (ML)) on Au(111)-22 x /3. (a) 45x38 nm?, Vi, = 1.3V,
I, = 205 pA, (b) 20x20 nm?, Vi = 1.3V, I, = 245 pA.

Figure 5.4 shows that small covalent porous structures are locally observed at the
elbows of the gold herringbone reconstruction for 0.10 ML deposition. The formation of
covalent structures appears however to be quite limited. Only one or two covalent cycles
are usually observed in the elbows of the Au(111) herringbone surface reconstruction.

Above 0.1 monolayer deposition, a 2D porous nanoarchitecture is observed on the
surface. This structure is composed of organic pores (Figure 5.5 and Figure 5.6a-f) and
zig-zag chains (Figure 5.6g). The pores adopt a polygonal geometry. Tetragonal, pen-
tagonal, heptagonal and octagonal cavities are mainly composing the organic structure,
(Figure 5.6b-f). The measured center-to-center distance of the star-shape molecular build-
ing block is 1.3£0.1 nm. This reveals that the molecules are covalently linked through the

dehalogenation of the molecular peripheral iodine atoms. The images in Figure 5.5b and
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Figure 5.4: STM image of the initial growth of the organic layer after low concentration
deposition (0.1 monolayer (ML)) on the elbows of the Au(111)-22 x /3. 36x36 nm?,
Ve = 1.3V, I, = 205 pA.

Figure 5.5: STM images of the 1,3,5-Tris(4-iodophenyl)benzene self-assembled covalent
porous nanoarchitecture on Au(111), (a) Large scale 50x 29 nm?, V, = 0.9 V, I, = 20 pA
and (b) detailed structure 24x 19 nm?, V, = 1.36 V, I, = 20 pA.

Figure 5.6a are in addition showing that iodine adatoms are sometimes trapped inside

the polygonal cavities of the covalent nanoarchitecture.
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Figure 5.6: (a) STM image (75x60 nm?, Vi = 1.0 V, I, = 25 pA) of the 1,3,5-Tris(4-
iodophenyl)benzene covalent porous nanoarchitecture on Au(111) with different pore ge-
ometry. (b) 8x3 nm?, (c) 9x3 nm?, (d) 3x3 nm?, (e) 3x3 nm?, (f) 3x3 nm?, (g)
Ix 8 nm?.

5.2 Submonoloyer coverage (0.2ML<C<1ML): unex-
pected halogen-bonded network growth

The STM images in Figure 5.7 and Figure 5.8 show TIPB molecular self-assembly
on the Au(111) -22 x /3 surface terraces above 0.2 monolayer deposition. Molecules
now form small well-organized domains trapped between the gold reconstruction lines
(Figure 5.7a,b). Ordered bright features can be observed inside the molecular domains.
The size of the domain is increasing with molecular concentration. Molecular covalent
structures can be observed at the edge of these molecular domains (Figure 5.7¢). For one
monolayer deposition (1 ML), the whole Au(111) surface is covered as shown in Figure 5.8.
Different organic networks are coexisting, i.e. different bright patterns can be observed

in the organic layer ( Figure 5.7c¢ and Figure 5.8). The bright patterns can adopt a well-
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Figure 5.7: STM images of the Au(111) terraces at increasing molecular coverage (a)
J0x31 nm?, V, = 2.2 V, I, = 55 pA, (b) 50x35 nm?, V, = 2.2 V, I, = 55 pA, (c)
26x 12 nm?, Vo, = 0.9 V, I, = 245 pA.

ordered sine-wave (Figure 5.9) or a bow-tie structure (Figure 5.11). The boundaries of

the molecular network appear in comparison quite defective.

Figure 5.8: STM image of the Au(111) surface for a TIPB coverage of around one
monoloyer, 36x 36 nm?, V, = 0.6 V, I, = 245 pA.
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5.2.1 Sine-wave X-bonded structure

Figure 5.9: (a) High resolution STM image of the 1,3,5-Tris(/-iodophenyl)benzene sine-
wave nanoarchitecture, 10x8 nm?, Vy = 1.0 V, I, = 23 pA. (b) Model of the organic
nanoarchitecture. Molecular skeleton is represented by an orange star and the iodine
atoms are represented by yellow balls. The network unit cell is represented by a dotted

black rectangle.

Figure 5.9a shows a high resolution STM image of the sine-wave organic nanoarchitec-
ture observed in Figures 5.7. The STM image reveals that the molecules are self-assembled
into an ordered porous structure on the surface. Neighboring side-by-side molecules are
rotated by an angle of 180°, as it is highlighted by the molecular schemes superimposed
to the STM image in Figure 5.9a. The molecular iodine atoms appear brighter than
molecular carbon skeleton in the STM image. The bright sine-wave pattern results from
the local arrangement of molecular iodine atoms. Each bright wave corresponds to an
infinite iodine synthon X,,. The STM images presented in Figures 5.10 are showing that
some molecular arms are locally dehalogenated. This does not affect the structure of the
organic nanoarchitecture. The missing iodine atoms are highlighted by a white dotted
circle superimposed to the STM images. The unit cell of the sine-wave nanoarchitecture
is represented by a black dashed line in Figure 5.9b. The network unit cell of this porous
structure is a rectangle with 2.140.2 nm and 1.940.2 nm unit cell constants. The unit

cell is composed of two molecules. The molecular architecture appears to be stabilized by
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halogen- - - halogen bonds between neighboring molecules. The angle between I-C groups

of neighboring molecules is 180° and 120 °.

Figure 5.10: High resolution STM images of sine-wave nanoarchitecture defects due to
partially dehalogenated molecule. (a) 5x3 nm?, Vo = 1.0 V, I, = 23 pA. (b) 3x5 nm?,
Ve =1.0V, I, = 23 pA.

5.2.2 Bow-tie X-bonded structure

A second well-ordered organic nanoarchitecture is also usually observed on the Au(111)
surface. High resolution STM images of this structure are presented in Figure 5.11. This
organic nanoarchitecture is also porous. Six molecular schemes have been superimposed
to the STM image in Figure 5.11b to visualize molecular assembly. Neighboring molecules
are rotated by an angle of 180°. The molecules are however not adopting a strict side-
by-side arrangement, as previously observed in the sine-wave structure. The molecular
iodine atoms are forming 6-synthons (Xg) adopting a bow-tie shape. The network unit cell
of this structure is a parallelogram with 2.240.2 nm and 1.7£0.2 nm unit cell constants
and an angle of 75+3° between the axes. The unit cell is composed of two molecules.
The molecular architecture appears to be stabilized by halogen- - - halogen bonds between
neighboring molecules. The angle between I-C groups of neighboring molecules is 60 © and
120°.

95



5. ON-SURFACE SYNTHESIS OF 2D COVALENT ORGANIC
STRUCTURES VERSUS HALOGEN-BONDED SELF-ASSEMBLY:
COMPETING FORMATION OF ORGANIC NANOARCHITECTURES

Figure 5.11: High resolution STM images of the 1,3,5-Tris(4-iodophenyl)benzene bow-tie
nanoarchitecture, (a) 14 x 14 nm?, Vy, = 1.3V, I, = 20 pA, (b) 5 x 6 nm?, V, = 1.3V,
I, = 20 pA, (c) Model of the organic nanoarchitecture. The network unit cell is represented
by a dotted black parallelogram.
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5.2.3 Covalent-dimer X-bonded structure

Figure 5.12: STM images of the mized covalent / X-bonded 1,3,5-Tris(4-
iodophenyl)benzene nanoarchitecture on Au(111), (a) 10x10 nm?, V, = 1.8 V,
I, = 205 pA, (b) 7x7 nm?, V, = 1.8 V, I, = 205 pA, (c) 7x7 nm?, Vy, = 1.3V,
I, = 205 pA, (d) Model of the molecular arrangement. The network unit cell is repre-
sented by a dotted black parallelogram.

Another organic nanoarchitecture is locally observed on the Au(111) surface. An
STM image of this structure is presented in Figure 5.12. Molecular iodine atoms are
paired and are aligned on the surface in this structure. The high resolution STM image
reveals that the building block of this structure is the 1,3,5-Tris(4-iodophenyl)benzene
covalent-dimer, previously presented in Figure 5.1b. The molecular dimers are aligned
along their axis on the surface and they are forming parallel chains. Neighboring dimers
are bonded along their axis through double X--- X bonds. The angle between I-C groups
is 60°. The model of this arrangement is represented in Figure 5.12d. The network unit
cell of this structure is a parallelogram rectangle with 2.740.2 nm and 1.740.2 nm unit
cell constants and an angle of 434+3° between the axes. The unit cell is composed of
one dimer (2 covalently-linked molecules). Local defects can be observed in the organic

layer, i.e. dehalogenated dimers (Figure 5.12b,c) and local bow-tie nanoarchitecture (see
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superimposed star molecule scheme in Figure 5.12a). This structure is a mixed nanoar-
chitecture, combining covalent and X-: - - X halogen bonds. The angle between I-C groups

of neighboring molecules is 120 °.

5.2.4 Covalent-chain assembly

Figure 5.13: (a) STM image of the covalent chain-nanoarchitecture on Au(111),
14x12 nm?, Vo = 1.9 V, I, = 55 pA. (b) Model of the zig-zag chain-nanoarchitecture.

The network unit cell is represented by a dotted black square.

The STM image presented in Figure 5.13a reveals the existence of a fourth organic
organized nanoarchitecture on the Au(111) surface. This structure is composed of cova-
lent molecular zig-zag chains arranged side-by-side. The zig-zag chains result from the
sequential covalent binding of molecules alternatively rotated by an angle of 180°. The
model of the zig-zag chain arrangement is presented in Figure 5.13b. The network unit
cell of this structure is a rectangle with 2.24+0.2 nm and 1.64+0.1 nm unit cell constants.
The unit cell is composed of two covalently linked molecules. This structure is however

only locally observed on the Au(111) surface.

5.3 Supramonolayer deposition (>1ML): on-top co-

valent nanoarchitectures

Figure 5.14 shows the Au(111) surface after 1.2 ML molecular deposition. The Au(111)
surface is now fully covered by an organic layer. The STM images show that the first

organic layer on the Au(111) surface is essentially composed of the sine-wave and bow-tie
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Covalent ~ X-bonded
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Figure 5.14: STM images of the Au(111) surface after 1.2 ML molecular deposition, (a)
110x60 nm?, Vy = 2.1 V, I, = 445 pA. (b) Line profile taken along the blue dotted line
in (a). (c) 60x60 nm?, V, = 1.9V, I, = /45 pA.

nanoarchitectures, whereas the dimer and chain-structures are only locally observed (Fig-
ure 5.14c¢). The second organic layer appears to be exclusively composed of the covalent
polygonal-nanoarchitecture that grows at low coverage (Figure 5.5 and Figure 5.6). The
line profile in Figure 5.14b shows the height difference between the halogen-bonded first

layer and the supported covalent nanoarchitectures.

5.4 Influence of the surface temperature

Temperature is known to strongly influence the on-surface Ullmann coupling process.
In particular, temperature is reported to activate the dehalogenation of the precursors
which is the first step of the Ullmann coupling reaction [95, 98]. We investigated the in-
fluence of the temperature in the case of TIPB molecules on Au(111) using two approaches.
First, post-annealing was carried out after deposition of TIPB molecules on Au(111) sur-
face kept at room temperature. Figure 5.15a is an STM image of the Au(111) surface
after deposition of TIPB molecules at room temperature followed by post-annealing at
170°C. Intact (non-dehalogenated) TIPB molecules are observed on the surface forming
X-bonded surface. The ratio of covalent over halogen-bonded structure was not affected
significantly by the post-annealing. Post-annealing at higher temperature was carried
out resulting in the same organization. Post-annealing thus appears not to trigger TIPB

dehalogenation for monolayer coverage, even at high temperature.
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Figure 5.15: (a) STM image of X-bonded sine nanoarchitecture after deposition of
TIPB molecule at room temperature on Au(111) followed by post-annealing at 170 °C.
49% 34 nm?, V, = 2.0 V, I, = 20 pA. (b) STM image of X-bonded bow-tie nanoarchitec-
ture after deposition of TIPB molecule on Au(111) surface kept at 430°C. 43x 29 nm?,
Ve =2.0V, I, =20 pA.

Another approach consisting in evaporating TIPB molecules on an Au(111) surface
heated at high temperature was investigated. Figure 5.15b is an STM image acquired after
deposition of TIPB molecules on an Au(111) surface at 430°C. Similarly to the post-
annealing approach, TIPB molecules are still intact and forming X-bonded structures,
even at 430°C. Other trials were realized at higher temperature (up to 500°C) and X-
bonded nanoarchitectures are observed until the desorption temperature of the building

blocks is reached.

5.5 Investigation on the diffusion limited TIPB de-

halogenation

The self-assembly of 1,3,5-Tris(4-iodophenyl)benzene molecules on Au(111) surface in
vacuum has been investigated using STM. STM images reveal that at low coverage, the
molecules preferentially adsorb on the Au(111) step edges. The molecules form there
covalent structures through deiodination. Small covalent structures are also observed at
the herringbone elbows of the Au(111) reconstruction. Coverage increase essentially leads
to the growth of halogen-bonded nanoarchitectures on the surface. The formation of
covalent nanoarchitecture is in comparison less favored. In contrast with previous reports
[165, 167, 169], our measurements show that the iodine dehalogenation process is a limited
process on Au(111) at room temperature, i.e. iodine atoms can be undoubtedly identified
with STM on the molecular skeleton in numerous cases on Au(111) (Figure 5.2). Our

STM images are in fact showing that Au(111) step edges are preferential reaction sites
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for Ullmann coupling reaction. This effect was previously proposed by Saywell et al. for
bromine-molecules [76]. They also observed that Au(111) step edges and kinks act as
“active sites” and catalytically induce the cleavage of the molecular halogen atoms. This
explains why covalent structures preferentially start growing from Au(111) step edges
(Figure 5.2 and Figure 5.3).

The free iodine atoms produced during the Ullmann coupling are preferentially ad-
sorbing on the Au(111) step edges. These atoms then form chains along the step edges, as
it can be observed in Figure 5.3. The saturation of Au(111) step edges with iodine atoms
reduces the catalytic activity of the Au(111) surface. At high coverage deposition, the
formation of covalent nanoarchitectures is highly diminished. The molecules preferentially
form halogen-bonded nanoarchitectures on the Au(111) surface. Molecules with missing
iodine atoms are only locally observed in these structures, not only at room temperature
but also at high temperature (Figure 5.15).

Increasing further the coverage leads to the competitive growth of the covalent struc-
ture and halogen-bonded nanoarchitectures. STM is showing that the halogen-bonded
structures are preferentially covering the surface and are pushing away the covalent
nanoarchitectures. The covalent nanoarchitectures are then decorating the edges of X-
bonded structures. The covalent structures are finally squeezed at the domain boundary
of X-bonded structures for 1 ML deposition (Figure 5.7c). This results in the formation
of very defective domain boundaries (Figure 5.8). Two X-bonded nanoarchitectures are
coexisting. They are presented in the high resolution STM images in Figure 5.9 and Fig-
ure 5.11. It should however be noticed that hybrid X-bonded-covalent nanoarchitectures
(Figure 5.12) and covalent chain-nanoarchitectures (Figure 5.13) are only locally observed,
their domain area is never larger than 200 nm?. We have seen in section 1.1.2.3 that Bui
et al. [23] previously classified the different types of C-X- - X-C bonds depending on the
angle between X-C groups. The angle between the molecular X-C group axis is 90-120 °.
The sine-wave structure appears therefore to be stabilized by type-I and type-II halo-
gen bonds, whereas the bow-tie and dimer structures appear to be stabilized by type-II
halogen bonds only.

Above one monolayer deposition, the Au(111) surface is fully covered by an organic
layer, essentially composed of the X-bonded nanoarchitectures. A second layer is observed
on top of the first X-bonded layer (Figure 5.14). STM images reveal that the second layer
is surprisingly composed of polygonal-covalent nanoarchitectures. As the Au(111) surface
is now covered by an organic layer and the step edges are already saturated with iodine

adatoms, Ullmann reaction cannot occur anymore for new molecules reaching the gold
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surface. It appears therefore that the preferential adsorption of the X-bonded nanoarchi-
tectures on the Au(111) surface is propelling the initially-formed covalent structures on
top of the X-bonded nanoarchitectures above 1 ML deposition. Figure 5.5 and Figure 5.6
obviously show that the packing density of the covalent nanoarchitecture is largely lower
than the one of the X-bonded nanoarchitectures (Figure 5.7). The growth of the most
compact structures is usually favored on surfaces because these structures not only favor

intermolecular interactions but they also lower the surface free-energy of the sample [170].
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Figure 5.16: Fvolution of halogen-bonded versus covalent nanostructures coverage with the
TIPB deposition amount on Au(111) surface (from 0 to 1.2 ML).

The structure density is 1 mol. / 1.99 nm? for the sine-wave network, 1 mol. / 1.81 nm?
for the bow-tie network, 1 mol. / 1.56 nm? for the hybrid dimer-network and 1 mol. / 1.76 nm?
for the hybrid zig-zag network. In comparison, the density of the covalent hexagonal

2 see Table 5.1. As the covalent nanoar-

network is the smallest with 1 mol. / 2.16 nm
chitecture is the less dense, it is pushed away from the Au(111) surface by the growth of

the denser nanoarchitectures. In contradiction with Eder et al. statement, we prove that
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Arrangement Building Molecules per | Intermolecular | Packing Density
Block Unit Cell Bonds
Sine-wave 2 X-Bonds 1 mol. / 1.99 nm?
Figure 5.9
Bow-tie 2 X-Bonds 1 mol. / 1.81 nm?
Figure 5.11

Hybrid dimer X-Bonds 1 mol. / 1.56 nm?

Figure 5.12 Covalent
Hybrid zig-zag 2 X-Bonds 1 mol. / 1.76 nm?

Figure 5.13 Covalent
Covalent hexagonal 2 Covalent 1 mol. / 2.16 nm?

> =) >

Figure 5.5

Table 5.1: Structure, bonding and packing density of the 1,3,5-Tris(4-iodophenyl)benzene
nanoarchitectures. The carbon skeleton of the molecular building block is represented by

an orange star and the iodine atoms are represented by yellow balls.

the presence of the covalent aggregates in a second layer is not unique to the solution
approach and can also be obtained in vacuum [166].

The effect of surface temperature on Ullmann coupling reaction efficiency has been
investigated in section 5.4. Molecules have been deposited on a hot surface and molecules
have also been deposited on a surface at room temperature, followed by a post-annealing.
The investigated temperature range goes from room temperature to 500°C. STM im-
ages however reveal that temperature increase has not effect on the formation of covalent
nanoarchitectures (Figure 5.15) for monolayer coverage films. X-bonded structures are
still observed at high temperature and the competitive growth of the different structures
is not modified. It therefore appears that the formation of covalent architectures is in-

trinsically connected to surface coverage. Low surface coverage allows TIPB molecules
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to diffuse to the reactive sites (step edges and Au elbow). High coverage, on contrary,
prevents molecules to diffuse to the reactive sites, that are increasingly poisoned by iodine

atoms.

Chapter conclusion

To summarize, the on-surface synthesis of covalent nanoarchitectures and the self-
assembly of star-shaped 1,3,5-Tris(4-iodophenyl)benzene molecules was investigated us-
ing scanning tunneling microscopy. STM shows that at low coverage covalent polygonal
nanostructures appear at the Au(111) step edges and at the elbows of the Au(111) surface
reconstruction. The iodine atoms generated by molecule dehalogenation diffuse on the
surface and are then adsorbed at the surface step edges. Step edges that are known to
be catalytically active sites of the gold surface are consequently progressively poisoned.
Consequently, at high coverage, molecules arriving on the surface are no longer dehalo-
genated and two-dimensional halogen-bonded nanoarchitectures made of intact molecules
are preferentially growing on the gold surface instead. These structures are pushing away
the covalent nanoarchitectures at their domain boundaries. Above one monolayer de-
position the whole Au(111) surface is covered with an organic layer and the covalent
structures are propelled on top of the halogen-bonded organic layer (Figure 5.16). These
observations open up new opportunities for decoupling covalent nanoarchitectures from
catalytically active and metal surfaces in vacuum. The electronic decoupling induced by
the halogen-bonded structures localized between the covalent structures and the surface

could be for example investigated using low temperature scanning tunneling spectroscopy.
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Chapter 6

Temperature-dependent hierarchical
on-surface synthesis of porous
halogen-bonded, hybrid and covalent

two-dimensional nanoarchitectures

The objective of this chapter is to engineer porous covalent nanoarchitectures through
hierarchical on-surface Ullmann reaction. In chapter 5, we studied the case of an iodine
star-shaped precursor. To better understand the influence of the nature of precursor
halogen substituent and its geometry, we will investigate the Ullmann coupling reaction
of a different halogenated precursor in this chapter. The system studied here consists in
star-shaped molecular precursors with two terminal bromine atoms per arm, evaporated
on Au(111) surface. A temperature-dependent scanning tunneling microscopy and X-ray

photoemission spectroscopy characterization of this system will be carried out.

The 2D covalent structures created by on-surface Ullmann coupling usually have lim-
ited dimensions and a high number of defects in comparison with self-assembled nanoar-
chitectures. The radical covalent-bonding usually proceeds in a random and uncontrol-
lable manner. It is a non-reversible process preventing self-healing. In addition, different
byproducts are inevitably created during the Ullmann coupling when the molecules pos-
sess more than one halogen atom. Therefore, the probability to generate defects is high
when multi-axial directions for radical covalent bonding are possible. Temperature con-
trol has been used to adjust the kinetic reaction parameters to reduce the defect density
during the formation of the covalent networks [165] but with limited success. In con-
trast, temperature control has been effective in triggering the sequential formation of

hydrogen-bonded and metal-coordinated nanostructures [81]. Temperature control has
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not yet proven to be an efficient stimulus to trigger the sequential formation of different

2D covalent networks.

The chemical structure of the 1,3,5-Tris(3,5-dibromophenyl)benzene (T2BPB) molecule
is presented in Figure 6.1, top. This 3-fold symmetry molecule is a star-shaped molecule.
The molecular skeleton consists of a central benzene ring connected to three peripheral
3,5-dibromophenyl groups. The bromine atoms of neighboring molecular arms are sep-
arated by 7.1 A. Two molecules are expected to form on metal surfaces two kinds of
covalent dimers through surface-assisted Ullmann coupling. The type-A dimer is stabi-
lized by the formation of two covalent bonds, whereas the type-B dimer is stabilized by

the formation of a single covalent bond (Figure 6.1, bottom).

Type-A Type-B

Figure 6.1: (a) Scheme of 1,3,5-Tris(3,5-dibromophenyl)benzene (CyyHioBrg) building
block. Carbon atoms are gray, bromine atoms are red and hydrogen atoms are white.
(b) Covalent dimer-A. (c) Covalent dimer-B.
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6.1 Halogen-bonded nanoarchitecture at room tem-

perature

Figure 6.2: STM image of the molecular self-assembly on Au(111)-22 x /3 at room
temperature; 19x 15 nm?, V, = 1.0 V, I, = 32 pA. Green and red molecular schemes have

been superimposed to the STM image to highlight the two molecular orientations.

Figure 6.2 shows the Au(lll)—22><\/§ reconstructed surface after deposition of 1,3,5-
Tris(3,5-dibromophenyl) benzene molecules at room temperature *. The molecules self-
assemble into a porous nanoarchitecture on the surface. Two molecular orientations can
be observed in the organic layer (Figure 6.2 and Figure 6.3b). The molecules adopt the
same orientation inside a domain but molecules of neighboring domains are rotated by
180°. Differently-oriented molecular schemes (red and green) have been superimposed to
the STM images in Figure 6.2 and in Figure 6.3b as a guide for the eyes. The large scale

STM image in Figure 6.2 reveals that molecular domain boundaries are located in the

!Experiments were performed in a ultrahigh vacuum (UHV) chamber at a pressure of 10~8 Pa. The
Au(111) surface was sputtered with Ar™ ions and then annealed in UHV at 600°C for 1 hour. 1,3,5-
Tris(3,5-dibromophenyl)benzene molecules (TCI Europe) (Figure 6.1a), were evaporated at 180°C and
deposited on the gold surface. Cut Pt/Ir tips were used to obtain constant current STM images at room
temperature with a bias voltage applied to the sample. STM images were processed and analyzed using

the home made FabViewer application [149]
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hep areas of the Au(111)-22 x /3 reconstruction. It has been previously observed that
the gold reconstruction can drive the formation of domain boundary in a self-assembled

organic layer [71].

Figure 6.3: STM images of the molecular self-assembly on Au(111)-22 x \/3 at room tem-
perature. (a) X-bonded structure $x3 nm?, Vy = 1.4 V, I, = 26 pA with corresponding
molecular model (c) (b) Domain boundary 6x7 nm?, Vy = 1.6 V, I, = 40 pA with corre-
sponding molecular model (d). Green and red molecular schemes have been superimposed
to the STM image to highlight the two molecular orientations in (b). Few molecules have
also been colored in green and red in the STM image (d). The superimposed dotted circles

highlight the formation of halogen X3 synthons.

A high resolution STM image of the molecular arrangement inside a domain is pre-
sented in Figure 6.3a. Two bright spots can be observed at the apex of each molecular

arm. It has been previously experimentally observed that halogen atoms, such as bromine
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6.1 Halogen-bonded nanoarchitecture at room temperature

and iodine, appear brighter than molecular carbon atoms in STM images [35, 168]|. The
molecular arrangement appears to be stabilized by intermolecular halogen bonding. The
molecular bromine atoms are forming 3-synthons (X3) with neighboring molecules. These
synthons are highlighted by dotted circles in Figure 6.3a,c. The angle between Br-C
groups of neighboring molecules is 120°. The network unit cell of this structure is a
lozenge with 1.22 4 0.1 nm unit cell constant and an angle of 58 4+ 2° between the axes.
The unit cell is composed of one molecule. The model of this arrangement is presented
in Figure 6.3c.

Figure 6.3b shows a high resolution STM image of molecular domain boundary. Neigh-
boring molecules are rotated by an angle of 180° at the domain boundary. Despite the
variation of orientation, no gap is observed in the organic layer. The organic structure is
also stabilized by intermolecular X3-synthons at the domains boundaries (dotted circle in
Figure 6.3b,d). The model of molecular arrangement at the domain boundary is presented
in Figure 6.3d.
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Figure 6.4: X-ray photoemission spectra acquired on TEMPO beamline at Soleil syn-
chrotron after deposition of T2BPB molecules at room temperature on Au(111) surface.
(a) Brsq XPS spectrum acquired with a 185 eV photon energy. (b) Cis XPS spectrum
acquired with a 485 eV photon energy.

Figure 6.4a and b are respectively Brsy and C;3 XPS spectra measured after room
temperature deposition of T2BPB molecules on Au(111). C;4 was chosen to characterize
the chemical environment of the carbon atoms. Brs, core-level was chosen to characterize
the bromine environment. Due to spin-orbit coupling, Brs,; spectrum has two separate
components Brsys/o and Brsgs/2. The intensity ratio of the two components (integrated
area) corresponds to the ratio of the degeneracy of core-levels, here 3/2. A large doublet
is observed on the Brs; spectrum in Figure 6.4a. This spectrum was acquired with a

photon energy of 185 eV and converted into binding energy. The Brs;s/, component is
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centered at 69.8 eV whereas the Brsg s/ peak is centered at 70.9 eV, corresponding to
an energy shift of & 1.1 eV, in accordance with the values of the literature [171]. This
main component is attributed to bromine atoms still attached to the molecular skeleton,
as it is observed on the STM images. A smaller component at lower binding energy is
also observed near 68 eV. This component is attributed to bromine atoms detached from
the molecules and adsorbed on the surface [171, 172]. Yet, all the T2BPB molecules were
found to be intact after deposition at room temperature on Au(111) according to the STM
observations. This component is in fact attributed to photoinduced debromination of the
molecules after prolonged irradiation by the X-ray synchrotron beam. This phenomenon
was already reported previously [173] and does not appear to significantly affect the
measured spectrum. The C;, spectrum is presented in Figure 6.4b. This spectrum was
acquired with a photon energy of 485 eV and converted into binding energy. Two main
components are observed on this spectrum. A large broad component is centered around
284.08 eV. It is attributed to C-H and C-C atoms of the T2BPB molecules. A shoulder is
observed at higher binding energy centered around 285.16 eV. This shoulder is attributed
to carbon atoms bonded to bromine atoms, similarly to other results of the literature [172,

173).

6.2 Formation of a 2D mixed halogen-bonded and
single-covalent-bond hexagonal superstructure af-

ter annealing at 145°C

Figure 6.5 shows the Au(111) surface after deposition of 1,3,5-Tris(3,5-dibromophenyl)
benzene molecules and post-annealing at 145°C. The STM images presented in Figure 6.5
a,b reveal that a 2D hexagonal pattern appears in the organic domains. It should be no-
ticed that the molecular contrast is inverted in the STM image presented in Figure 6.5b.
This hexagonal nanoarchitecture corresponds to the triangular tiling or triangular tes-
sellation structure. The organic layer is composed of close-packed triangular domains.
Neighboring domains are rotated by 180°. There are six triangular domains connected
to a vertex. The STM images show that triangular domains are separated by thick rows.
The angle between the different rows is 60 °.

A high resolution STM image of the hexagonal superstructure is presented in Fig-
ure 6.5¢. This image reveals that the superstructure rows are composed of type-B covalent-
dimers (green and orange) arranged side-by-side. In comparison, the triangular domains

are composed of molecules (gray) adopting the halogen-bonded arrangement observed
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hexagonal superstructure after annealing at 145°C

Figure 6.5: STM images of the organic 2D nanoarchitecture on Au(111)-22 x /3 after
145°C annealing. (a) 29x 26 nm?, Vo = 1.4V, I, = 145 pA. (b) 36x36 nm?, V, = 1.0V,
I, = 15 pA. (c) 14x 14 nm?, (d) 4x6 nm?, V, = 1.4 V, I, = 145 pA. In (d), molecular
dimers have been colored in red, green and blue, yellow. Molecular trimers have been
colored in dark green, and pentamers in pink, respectively. Dotted white lines highlight the
border of halogen-bonded domains, whereas dotted white lines highlight the side of the two
polymers in the center of the image. (e) Model of the dimer arrangement observed in (d).

The superimposed dotted circles in (d,e) highlight the formation of halogen X3 synthons.

at room temperature (Figure 6.2). There is only one molecular orientation inside each
domain. Molecules of neighboring domains are however rotated by an angle of 180°.

The dimers are forming Xs-synthons with neighboring dimers and molecules (Fig-
ure 6.5d,e). The hexagonal-superstructure vertices, located at the intersection of the
dimer-rows, appear to be defective covalent-hexagons. The molecular vertex in the center
of the Figure 6.5¢ is for example composed of two covalent arches (in blue and pink colors).
These two arches are composed of five and three covalently-linked molecules respectively.
Two arches appear to be bonded through halogen bonds. A perfect covalent-hexagon
would be made of six molecules covalently linked through type-B bond (see model in
Figure 6.10e right).

Figure 6.6 shows a model of the hexagonal-superstructure observed in the STM im-
ages in Figure 6.5. In this model, a perfect covalent molecular vertex is considered (in
blue). This vertex is composed of six covalently-linked molecules (type-B) leading to

the formation of an hexagonal molecular vertex. Covalent dimers (red and green colors)
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Figure 6.6: Model of the wheel arrangement. Superimposed dotted circles highlight the

formation of halogen X3 synthons.

are arranged side-by-side and are forming thick rows. These rows are connected to the
side of the different vertices of the organic layer. The molecules forming the halogen-
bonded structures observed in Figure 6.2 are represented in gray. As a guide for the
eyes, a light-blue hexagon has been superimposed on top of the molecular vertices, and
gray and light-gray triangles have been superimposed on top of the differently-oriented

halogen-bonded domains, respectively.

Details of the wheel-arrangement model are presented in Figure 6.7. The hexagonal su-
perstructure appears to be stabilized by the formation of halogen X3 synthons only. These
synthons are formed between the vertex (blue) and the neighboring dimers (orange and
green), between two neighboring dimers and a molecule (gray) along the superstructure
row and between three neighboring molecules in the triangular domains. The X3-synthons

are highlighted by blue dotted lines in Figure 6.7.
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165°C

Figure 6.7: Model of the wheel-arrangement. Superimposed dotted circles highlight the

formation of halogen Xs-synthons.

6.3 Disappearance of 2D halogen-bonded nanoarchi-

tecture after annealing at 165°C

Figure 6.8: STM image of the molecular self-assembly on Au(111)-22 x /3 after 165°C
annealing, (a) 14x12 nm?, Vy = 1.3V, I, = 55 pA.

Figure 6.8 shows an STM image of a molecular domain on the Au(111) surface after
post-annealing at 165°C. The STM image shows that these domains are composed of

incomplete covalent hexagons. The hexagonal structures are stabilized by circular type-B

113



6. TEMPERATURE-DEPENDENT HIERARCHICAL ON-SURFACE
SYNTHESIS OF POROUS HALOGEN-BONDED, HYBRID AND
COVALENT TWO-DIMENSIONAL NANOARCHITECTURES

covalent bonding. These incomplete hexagons are mainly composed of five molecules (a
perfect hexagon would be composed of six molecules (Figure 6.10e)). The halogen-bonded
molecular arrangement (Figure 6.2) observed at room temperature and after annealing at

145°C is not existing anymore on the Au(111) after the 165°C annealing.

6.4 Single-covalent-bond chain-nanoarchitecture af-

ter annealing at 170°C

Figure 6.9: STM images of the organic 2D nanoarchitecture on Au(111)-22 x /3 after
deposition on a 170°C Au(111) surface. (a) 25x25 nm?, Vo = 1.0 V, I, = 80 pA. (b)
Tx6nm?, Vy = 1.0V, I, = 80 pA.

Figure 6.9 shows the Au(111) surface after deposition of 1,3,5-Tris(3,5-dibromophenyl)
benzene molecules on a 170 °C Au(111) surface. The STM images show that the molecules
form covalent chains on the surface. The chains are stabilized by type-B covalent cou-
pling. Molecules are usually covalently linked to two other molecules along the chains
(Figure 6.9b). This means that two out of their three arms are covalently bonded to
other molecules. Molecules covalently linked to three molecules are however locally ob-
served (dotted green triangle in Figure 6.9b). The STM image in Figure 6.9b shows that
the arrangement of the covalent chains is mainly stabilized by X,-synthons (dotted circles

in Figure 6.9b) between neighboring chains.
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6.5 Simultaneous formation of single and double covalently-

bonded nanoarchitectures after annealing at 175°C

Figure 6.10: STM images of the organic 2D nanoarchitecture on Au(111)-22 x /3 after
175°C annealing. (a) 36x 36 nm?, Vy = 0.6 V, I, = 80 pA. (b) 12x12 nm?, V, = 0.5V,
I, =80 pA. (c) 3x3nm?, Vo = 1.4 V, I, = 80 pA. (d) 4x3 nm?*, V, = 1.4 V, I, = 80 pA.
(e) 4x4 nm?, Vo = 1.0V, I, = 80 pA. (f) 3x3nm?, Vi = 1.2 V, I, = 80 pA. Molecular
covalent hexagons and covalent dimer-A are highlighted by dotted gray hexagons and green
ellipses in (b). STM images of a covalent hexagon and a covalent triangle with their
respective model are presented in (e,f). As a guide for the eyes, molecules have been

colored in blue, brown, green, pink, yellow and orange in the models.

Figure 6.10a shows a large scale STM image of the Au(111) surface after deposition of
1,3,5-Tris(3,5-dibromophenyl)benzene molecules followed by a post-annealing at 175°C.
The STM image presented in Figure 6.10b reveals that different covalent nanoblocks are
coexisting on the surface. The STM image shows that fully-completed covalent hexagons

are now formed on the surface. This structure is chiral. The two hexagonal enantiomers
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are respectively highlighted by blue and red dotted hexagons in Figure 6.10b. A high
resolution STM image of one hexagon and its model are presented in Figure 6.10e. The
covalent hexagon is composed of six molecules circularly covalently linked by type-B
covalent bonds only.

Double-covalent bonds (type-A) are also appearing on the Au(111) surface after the
175°C annealing (green dotted ellipses in Figure 6.10b). The high resolution STM image
in Figure 6.10c shows a nanoblock made of three molecules bonded through one type-A
and one type-B covalent bonds. Tiny structures only stabilized by double covalent bonds
(type-A) are also locally observed. Figure 6.10f shows a high resolution STM image of
type-A nanoblock made of five molecules (left) and its model (right). It should be no-
ticed that linear single-covalent-bond chain structure are still observed on the surface
(Figure 6.10d). Mixed type-A and B bonding is also observed (Figure 6.10b). The high

resolution STM images in Figure 6.10c,d show that the molecules are not fully dehalo-

genated. The bright bromine atoms can still be observed on the molecular skeleton.

Figure 6.11: (a) STM image of periodic covalent nanoarchitecture after 175°C annealing.
%6 nm?, V, = 0.6 V, I, = 80 pA. (b) Molecular model.

In contrast with the organic covalent arrangements observed after post-annealing at
165°C (Figure 6.8), the STM image in Figure 6.11 shows that 2D nanoarchitectures based
on covalent hexagonal building blocks (Figure 6.10e) are locally formed on the surface
after annealing at 175°C. The porous domain observed in Figure 6.11 is for example
composed of four single-covalent-bond hexagons. The molecules inside this structure are

covalently linked to three neighbors through single-covalent bonds (type-B). The cavities
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6.5 Simultaneous formation of single and double covalently-bonded
nanoarchitectures after annealing at 175°C

resulting from this molecular arrangement adopt the shape of a six-branch star. The

cavity separation is 19 A in this 2D covalent structure.

Figure 6.12: STM images of the bromine adatoms on Au(111)-22 x /3 after 175°C
annealing. (a) 17x17nm?, Vo = 0.9V, I, = 90 pA. (b) 5x3 nm?, V, = 0.5V, I, = 80 pA.

The STM images in Figure 6.10 show that the bromine adatoms produced during
the dehalogenation process can form hexagonal domain (Figure 6.10a) on Au(111) or
can be trapped in between the covalent structures (Figure 6.10b). Trapped bromine
adatoms appear darker than the molecules in the STM images. It should be noticed that
the Au(111)-22 x /3 reconstruction can be observed underneath the bromine network

in Figure 6.10a. This suggests that bromine adatoms are physisorbed on the Au(111)

surface.
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Figure 6.13: X-ray photoemission spectra acquired on TEMPO beamline at Soleil syn-
chrotron after deposition of T2BPB molecules at room temperature on Au(111) surface
followed by subsequent annealing at 185°C. (a) Brsy XPS spectrum acquired with a 185 eV
photon energy. (b) C1s XPS spectrum acquired with a 485 eV photon energy.

Figure 6.13a and b are respectively Brs, and C;3; XPS spectra measured after room

temperature deposition of T2BPB molecules on Au(111) and subsequent annealing at
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185°C. The Brs; and C;4 spectra were acquired with a photon energy of 185 eV and
485 eV respectively. Similarly to the room temperature deposition measurement, the
Brs,; spectrum presents one main doublet (corresponding to Br-C). The other component
at lower binding energy corresponding to Br adsorbed on surface appears as a doublet
on this spectrum. The binding energy of the main doublet remains the same as for the
room temperature deposition. The amplitude of the main doublet is however significantly
lower than the room temperature deposition measurement. This is consistent with our
STM observations that show that a large amount of T2BPB molecules are at least par-
tially debrominated after 175°C annealing. The intensity of the doublet corresponding
to adsorbed Br atoms is significantly enhanced, in accordance with STM observations.
The Cy; spectrum is presented in Figure 6.13a. Two main components are still ob-
served in this spectrum. The large broad component is centered around 283.6 eV, shifted
from around 0.12 eV with respect to room temperature deposition. The shift of main car-
bon C;, component was also reported in the literature for on-surface Ullmann coupling
reaction [171, 174]. A shoulder (corresponding to C-Br) is still observed at higher binding
energy but its intensity is strongly diminished compared to room temperature deposition
measurement. Again, this is totally in agreement both with the high dehalogenation rate
observed by STM at 175°C and with the strong diminution of the main component of the

Brsg spectrum corresponding to bromine bonded to carbon atoms.

6.6 Exclusive formation of double covalently-bonded
nanoarchitectures after deposition onto a 275°C
Au(111) surface

Figure 6.14a shows a large scale STM image of the Au(111) surface after deposition
of 1,3,5-Tris(3,5-dibromophenyl)benzene molecules onto a 275°C Au(111) surface. The
high resolution STM images in Figure 6.14b,c reveal that the surface is now exclusively
covered with porous double-covalent-bond (type-A) nanoarchitectures. An STM image of
one of these structures and its model are presented in Figure 6.14c and d, respectively.
The molecules inside these structures are covalently linked to three neighbors through
double-covalent bonds (type-A). The cavities inside this structure adopt an hexagonal
arrangement and a round aspect in the STM image. The cavity separation is 7 A.

Figure 6.15a and b are respectively Brs, and C;3 XPS spectra measured after room
temperature deposition of T2BPB molecules on Au(111) and subsequent annealing at

260°C. Brsg spectrum was acquired with a photon energy of 185 eV and converted into
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6.6 Exclusive formation of double covalently-bonded nanoarchitectures after
deposition onto a 275°C Au(111) surface

Figure 6.14: STM images of the molecular arrangement after molecular deposition onto
a 275°C Au(111)-22 x /3 surface. (a) 24x24 nm?, V, = 0.4 V, L = 45 pA. (b)
12x12 nm?, V, = 0.5 V, I, = 45 pA. (¢) 5x3 nm?, Vi = 0.4 V, I, = 80 pA. (d) Model

of the covalent nanoarchitecture observed in the center of (c).

binding energy. No bromine signal is observed. This is in agreement with STM observa-
tions that show that all the T2BPB molecules were fully debrominated after deposition
on Au(111) at 275°C. The C;, spectrum is presented in Figure 6.15b. This time, only one
large component is observed in this spectrum. This large broad component is centered
around 283.6 eV at the same position than for the 185°C annealing measurement. The

shoulder component (corresponding to C-Br) at higher binding energy is not observed
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Figure 6.15: X-ray photoemission spectra acquired on TEMPO beamline at Soleil syn-
chrotron after deposition of T2BPB molecules at room temperature on Au(111) surface
followed by subsequent annealing at 260°C. (a) Brsy XPS spectrum acquired with a 185 eV
photon energy. (b) C1s XPS spectrum acquired with a 485 eV photon energy.

anymore. This is in total agreement both with the disappearing of the main Brs; compo-
nent (corresponding to bromine bonded to carbon atoms) and the STM observations at
275°C showing that all the T2BPB molecules were debrominated.

6.7 Summary of the temperature-dependent covalent

nanostructures formation

The temperature-dependent self-assembly and on-surface reaction of 1,3,5-Tris(3,5-
dibromophenyl)benzene (T2BPB) molecules on Au(111) surface in vacuum has been inves-
tigated using STM. STM images show that molecules self-assemble into halogen-bonded
nanoarchitectures on the Au(111) surface at room temperature. The molecules are ori-
ented in the same direction in a domain. The 2D arrangement is stabilized by X3 halogen
synthons (Figure 6.3a,c). STM images are here revealing that molecular domain bound-
aries are systematically observed in the gold surface hep stacking region (see Figure 6.2).
The molecules of neighboring domains are rotated by 180°. There is however no gap
appearing in the organic layer, i.e. the molecules are also forming X3 halogen synthons
at the domain boundary (Figure 6.3b,d).

Local molecule dehalogenation and the on-surface synthesis of covalent structures
through Ullmann coupling is observed after surface annealing at 145°C. Not all the
molecules are reacting on the surface but the concerned molecules are preferentially form-
ing single-covalently bonded dimers (type-B covalent bond). Larger covalent blocks (in-

volving three to four molecules) are in comparison locally observed. STM reveals that
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6.7 Summary of the temperature-dependent covalent nanostructures
formation

these organic building blocks are self-assembling into a mixed covalent and halogen-bonded
2D surperstructure. This superstructure is composed of triangular halogen-bonded do-
mains, stabilized by Xs3-synthons, separated by covalent-dimer rows. The three to four-
molecule polymers are observed at the intersection of the dimers rows. The polymers
conformation and arrangement lead to the formation of uncompleted (or defective) cova-
lent hexagons (Figure 6.10e) that would appear in the non-defective 2D superstructure,
presented in Figure 6.6. The 2D self-assembled hybrid superstructure is still stabilized by
X3-synthons between the different organic building blocks (Figure 6.7).
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Figure 6.16: Fvolution of the X-ray photoemission spectra acquired on TEMPO beamline at
Soleil synchrotron after deposition of T2BPB molecules at room temperature on Au(111)
surface depending on the surface temperature. (a) Brsy XPS spectra acquired with a 185 eV
photon energy. (b) Stacked Cys XPS spectra acquired with a 385 eV photon energy.

The formation of X-bonded domains of single molecules is not observed above 165 °C
surface annealing. At this temperature molecules are forming covalent chains, composed of
more than four molecules bonded through single-covalent bonds (type-B). The molecules
are usually covalently-linked to two neighbors. Molecules with three covalently-linked
neighbors are only locally observed (Figure 6.9b). Halogen Xs-synthons are now observed
between neighboring chains. Single molecules are now only very locally observed (Fig-
ure 6.9b).

New covalent structures are appearing on the surface after annealing at 175°C. Cova-
lent hexagons made of six molecules can now be observed on the surface (Figures 6.10b,e,
Figure 6.11). The number of molecules with three single-covalent bond neighbors is in-
creasing. This leads to the local formation of the chiral covalent hexagon network (Fig-
ure 6.11). Small structures stabilized by double-covalent bond between molecules are

in addition observed on the surface (Figures 6.10b,c,f). These structures are usually
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composed of two molecules covalently linked through double-covalent bonds. Structures
composed of three molecules are only locally observed (Figures 6.10f).

After surface annealing at 275°C, large organic nanoarchitectures stabilized by in-
termolecular double-covalent bonds are observed on the surface (Figure 6.14). These
structures are porous, with cavity size and separation smaller than those observed in the
nanoarchitectures formed at 175°C.

Figure 6.16 summarizes the evolution of the Brs; (Figure 6.16a) and Cy4(Figure 6.16b)
XPS spectra with the surface temperature. The shift of the main C;5 component after
185°C annealing is highlighted by a vertical line. The disappearing of the C-Br shoulder
with progressive debromination of the T2BPB molecules is also highlighted by a vertical
line. The progressive debromination of T2BPB molecules is also observed in the Brsy
spectra. The intensity of the main doublet corresponding to Br-C strongly decreases after
185°C and disappears at 260°C. The intensity of the doublet corresponding to bromine

atoms adsorbed on the surface increases after 185°C annealing.

Chapter conclusion

The on-surface synthesis of covalent nanoarchitectures and the self-assembly of star-
shaped 1,3,5-Tris(3,5-dibromophenyl)benzene (T2BPB) molecules was investigated using
scanning tunneling microscopy. STM shows that molecules self-assemble into a porous
halogen-bonded nanoarchitecture at room temperature. Increase of surface tempera-
ture leads to the formation of covalent nanostructures bonded by type-B covalent bonds
through Ullmann coupling. The size of the covalent blocks as well as the number of
covalent bonds between molecules increase with temperature. The number of single-
covalent-bond linked molecule is increasing with temperature, until molecules have three
covalently-linked neighbors. Then, double-covalently linked structures appear on the sur-
face. The number of double-covalent-bond linked molecules is also increasing with tem-
perature, until it reaches three after 275°C annealing. Different types of mixed halogen-
bonded/covalent as well as covalent porous nanoarchitectures can thus be engineered by
precisely selecting Au(111) surface temperature. These observations open up new op-
portunities for tailoring 2D organic porous covalent films with tuneable cavity size and

separation on metal surfaces.
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Chapter 7

General Conclusion and Outlook

The objective of my PhD project was to engineer novel two-dimensional organic nanos-
tructures and investigate their properties. Bottom-up approach was chosen to engineer
such nanostructures. Both organic and inorganic building blocks were evaporated in an
Ultra High Vacuum (UHV) environment on clean and flat metal surfaces (Chapter 2).
Building blocks deposition was controlled with a high precision and repeatability using
Knudsen-cell and electron-beam evaporators. The UHV environment permitted the engi-
neering of high quality 2D nanostructures without being affected by the ambient environ-
ment. Scanning Tunneling Microscopy (STM) was used to characterize the nanostructures
with atomic resolution. Local arrangement of the building blocks and the geometry as well
as specific electronic properties of the 2D nanoarchitectures synthesized were measured.

X-ray Photoemission Spectroscopy was also used in Chapter 6.
Two major approaches were investigated in this work.

The first approach relies on the self-assembly properties of specific building blocks.
It consisted in taking advantage of intermolecular interactions between building blocks
to spontaneously form ordered 2D nanostructures also called “self-assembled nanostruc-
tures”. It was shown in Chapter 1 that the self-assembly process results from the complex
balance between building block-substrate and the building block-building block interac-
tions. Several parameters can be used to engineer novel self-assembly such as tuning the
building block geometry or the molecular functions.

In the Chapter 3, self-assembled organic thin films were engineered on Au(111) surface
using a perylene derivative (PTCDI) molecule as building block. PTCDI building block
has C=0 and N-H chemical groups at its both ends allowing the formation of hydrogen
bonds (H-bonds). PTCDI was shown to self-assemble into two different structures, canted
and side-by-side, both stabilized by H-bonds between the building blocks. The electronic

properties of the organic film were shown to strongly depend on the local structure. A
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specific lateral intermolecular electronic coupling was evidenced for PTCDI molecules in
side-by-side arrangement. Contrary to the molecules in the canted arrangement, side-
by-side molecules appeared less coupled to the gold substrate (observation of the LUMO
orbital) and localized electronic states were observed in between. Local modifications of
the PTCDI self-assembled nanoarchitecture were performed using the STM tip, result-
ing in the activation of these localized electronic states. These observations open new

perspectives to engineer novel organic materials and tune their electronic properties.

Another way to engineer organic self-assembly with new structures and properties is
to take advantage of different inter-building blocks interaction. In the Chapter 4, ionic-
organic interactions were investigated. These interactions were not completely understood
and not much explored. Similarly to Chapter 3, PTCDI was used as organic building
block. Sodium chloride (NaCl) was chosen as additional ionic inorganic building block.
Pure NaCl was evaporated on Au(111) surface and found to form (100) faceted crystalline
domains. PTCDI and NaCl were co-deposited on Au(111) surface and PTCDI molecules
appeared to form nanostructures that differ from the canted or side-by-side arrangement
observed for pure PTCDI in Chapter 3. Instead, PTCDI formed “flower” structure for
which the molecules, forming petals, were all oriented towards the center of NaCl clusters.
Temperature was then used to tune the nanoarchitecture and three other hybrid two-
dimensional nanostructures were engineered depending on the annealing temperature of
the surface. Atomic resolution STM images revealed the ion location in these hybrid
nanoarchitectures. The organic-ionic interactions between PTCDI and NaCl were found
to originate from the electrostatic interaction between negatively charged chlorine ions
and positively charged PTCDI N-H groups. This ionic-organic interaction resulted in the
formation of PTCDI- - - NaCl- - - PTCDI sticks or longer hybrid chains that appeared to
be the repeating unit in these new hybrid nanoarchitectures. These structures were also
stabilized by H-bonds. Adding NaCl to PTCDI building block allowed the engineering
of temperature tunable hybrid nanoarchitectures with new structures and properties.
Therefore, ionic-organic hybrid nanoarchitectures appear as a promising alternative to
metal-organic and multicomponent organic structures to engineer novel nanoarchitectures

on surfaces.

The second approach relies on the formation of covalent bonds between the build-
ing blocks. Due to the high binding energy of the covalent bonds compared to other
intermolecular interactions used in molecular self-assembly, the covalent bonds are con-
sidered to be irreversible. To create supported two-dimensional covalent nanostructures,

on-surface formation of covalent bonds between the precursors is required. Among the
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different on-surface reactions leading to C-C covalent coupling, Ullmann coupling reaction
was studied.

In the Chapter 5, star-shaped precursor with terminal iodine atoms (TIPB) was in-
vestigated on Au(111) surface. The influence of the precursor diffusion on the C-C bond
formation was studied. Coverages lower than 0.2 ML lead to deiodinated TIPB molecules
forming covalent nanostructures. These covalent structures evolved with the TIPB cover-
age from 1D chain structure to 2D porous covalent nanoarchitectures. Pores of different
sizes and shapes were observed resulting in non-regular 2D structures. These covalent
nanostructures were found to grow from the step edges of the Au(111) substrate. Free
iodine atoms generated after TIPB dehalogenation were found sometimes trapped into
the porous covalent structures and more often trapped along Au(111) step edges. Above
0.2 ML, unusual stop of the Ullmann reaction was observed. Evaporated TIPB molecules
above 0.2 ML appeared to not be dehalogenated. Instead, TTPB molecules formed orga-
nized porous structures stabilized by halogen-halogen bonding. X-bonded area appeared
to grow with increasing TIPB coverage, thus squeezing covalent nanostructures at their
boundaries. Above 1 ML coverage, squeezed covalent nanostructures were propelled on
top of the X-bonded network. Annealing or deposition at higher temperature did not
affect the X-bonded structures much for monolayer coverage. This unusual behavior was
explained by the diffusion limited dehalogenation process and the progressive poisoning
of the surface step edges by iodine atoms. These step edges are known to be important
catalytic sites. Low surface coverage allows TIPB molecules to diffuse to the reactive
sites (step edges and Au elbow) and to form covalent nanostructures. High coverage on
contrary prevents molecules to diffuse to the reactive sites, that are increasingly poisoned
by iodine atoms. Consequently, TIPB molecules stayed intact on the surface and form
X-bonded self-assembly. Covalent structures were reported to be propelled on top of the
halogen-bonded organic layer above 1 ML coverage. These observations potentially open
up new opportunities for decoupling covalent nanoarchitectures from catalytically active
and metal surfaces in vacuum.

In the Chapter 6, another star-shaped precursor was studied for on-surface Ullmann
coupling application. In contrast with TIPB having terminal iodine atoms studied in
Chapter 5, the building building block studied in this chapter had terminal bromine
atoms. Two equivalent bromine atoms are attached to each arm of the T2BPB molecules.
Two T2BPB molecules can form two kinds of covalent dimers with one or two covalent
bonds between the two precursors. Therefore, T2BPB potentially allowed the engineering
of covalent nanoarchitectures with structures which differ from single substituted star-

shaped precursors. In this chapter, the influence of the temperature on the growth of
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covalent organic nanoarchitecture by on-surface Ullmann coupling reaction was studied.
All the T2BPB molecules were found to be intact when evaporated on Au(111) surface
at room temperature. T2BPB molecules formed X-bonded self-assembled nanostructure
with two possible orientations for T2BPB molecules. The orientation was shown to be
affected by the underlying Au(111) reconstruction and to flip at the hcp areas of the
gold surface. After annealing at 145°C, T2BPB molecules appeared to form triangular
tesselation structure. This structure was composed of intact X-bonded domains separated
by lines of covalently bonded dimers. The vertices of such structure were (defective)
hexagonal structures made of covalently bonded T2BPB. After annealing at temperature
higher than 165°C, only covalent nanoarchitectures were observed and consequently no
more X-bonded structure. After deposition at higher temperature (275 °C), only one kind
of covalent bond was observed (double bonds). Consequently, large periodic porous 2D

covalent hexagonal carbon nanostructures were successfully engineered.

The results presented in this manuscript open new perspectives. Self-assembly was
shown to be a versatile process to generate high quality two-dimensional nanostructures.
A single organic building block like PTCDI was shown to have totally different electronic
properties depending on the local arrangement, opening new perspectives in the molecular
electronics domain. Moreover, the same building block was shown to form new organized
hybrid ionic-organic nanostructures associated to sodium chloride. Ionic-organic interac-
tion was shown to be a promising alternative to metal-organic interactions thus broadening
the 2D self-assembly possibilities. The other prospects concern the on-surface formation
of two-dimensional covalent nanostructures. Graphene and associated two-dimensional
covalent carbon nanostructures appear as promising materials for the future electronic
devices. On-surface Ullmann coupling was shown to be a promising approach to engineer
such carbon nanostructures on surface and the diffusion of precursor was shown to be cru-
cial for the activation of the reaction. Large periodic porous carbon nanostructures have
been synthesized through temperature-controlled hierarchical coupling reaction. Other
alternatives can be envisioned to improve the size and the quality of such nanostructures.
Highly energetic photons such as UV light could be used to trigger the activation of the
carbon-halogen dissociation reaction. Different catalytically active materials could also

be deposited on the surface to tune the dehalogenation reaction activation for example.
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Appendix A

Interfacing and automating of

laboratory equipments

The objective of this chapter is to present the programing work done during this
project. As explained in the previous chapters, a high precision and reproducibility
were required to engineer two-dimensional nanostructures on surface. Controlling and
measuring the heating stage temperature with precision was mandatory for temperature-
dependent nanoarchitecture engineering. For example, it was shown in Chapter 4 that
four different hybrid PTCDI-NaCl nanoarchitectures could be engineered depending on
the surface temperature. In Chapter 6, it was shown that a difference of few degrees could
drive the formation of different covalent nanostructures by on-surface Ullmann coupling
reaction. The objective of this programing work was also to improve the time efficiency
of repetitive tasks such as surface preparation. Another objective was to monitor and
save the different parameters of the experiment. For example, it is very helpful to keep a
log file of the pressure to have the history of every event and potentially understand the
origin of failures, outgasings, leaks etc... All the programs presented in this chapter have
been created using the Labview software. For the sake of simplicity, I will not describe
precisely the code of the programs. This chapter will be focused on the various options,

securities and capabilities of such programs.
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A. INTERFACING AND AUTOMATING OF LABORATORY
EQUIPMENTS

A.1 Pressure monitor

A.1.1 AML PGC2 gauge controller

The objectives were to collect, display and save all the useful parameters measured
by the pressure gauge controller with the highest precision available. I used an old PGC2
pressure gauge controller manufactured by AML. PGC2 can communicate with a RS232
port. Actually, this device is only capable of sending information and not receiving it.
It communicates at a speed of 2400 baud using frame with one start bit, two stop bits,
no parity and no handshaking. Each frame contains 106 bytes and the device sends one
frame every second. The task was to discriminate each part of the string and to extract
the corresponding information. The pressure readings correspond to IG1-1G4 because the
controller actually measures the pressure four times in a second. These IG are strings
of pressure written in scientific notation with two-digit precision (e.g “1.0+03”). These
strings were converted into numbers or “double precision float” in the Labview language.

We will refer to these numbers as “double” in the following.
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Figure A.1: User interface of the PGC2 pressure controller program.

The four pressures were then averaged and displayed in a dynamic graph (Figure A.2).
The program can consequently display a pressure value once a second, with a higher
precision than the display located at the facade of the controller that only has two digits.
The program can also display several other parameters such as the emission current, the
ion gauge in use, the unit of pressure measurement and the capacitance manometer value

that are also collected and processed. The pressure measured by the Pirani gauge placed
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A.1 Pressure monitor

just before the turbomolecular pump is also displayed. This program can thus display
both the Bayard-Alpert and the Pirani gauge pressure at the same time, which is not

possible on the controller itself.
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Figure A.2: User interface of the PGC2 pressure controller program showing the pressure
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A.2 Power supply controller

A.2.1 Delta Elktronika ES230-10

A.2.1.1 RS232 Model

Power supplies were used for essentially two applications in the lab: heating the sample
and/or controlling evaporators. In this section, I will describe the program designed for
sample heating application. The objectives of this program were to gain time efficiency,
reproducibility and precision for sample heating procedure. A typical heating process
consists in progressively increasing the current flowing in the tungsten filament until the
targeted temperature is achieved. The current value is kept constant to keep a stable
sample temperature and is then progressively decreased to cool down the sample. I used
a Delta Elktronika ES230-10 power supply with RS232 interface. A type-K thermocouple
is located near the sample on the heating stage for temperature measurements. When I
started my PhD, the heating process was entirely manual. The operator had to gradu-
ally increase the current in the filament by turning the knob on the power supply front
panel and control the temperature wiring the thermocouple signal to a multimeter. The
objective of my program was then to drive automatically a complete heating process and
monitor the filament current and power as well as the sample temperature.

The temperature is monitored by a NI-TC0O1 thermocouple module that is connected
to the computer via USB. Delta Elktronika ES230-10 communicates at a baud rate of
9600. It comes with a driver allowing the configuration of the serial connection, as well as
read/write access on current, voltage, max current and voltages limits as well as various
alarms and indicators. This driver was used almost without modification in my program
for the so-called “manual mode”. In the manual mode (Figure A.3), output voltage and
current values are displayed and knobs are used to modify their values from the computer
interface. However, since we wanted to automatize the heating process, I added a second
mode called “auto mode”. The switch between auto and manual mode is made by sliding
a button.

The auto-mode is entirely “current controlled” (Figure A.4), meaning that the voltage
is set to the maximum value and only the output current value is changed. This mode
consists in creating a sequence made of three phases. First, the current increases linearly
from a set value (I,,;,) to another set value (I,,4,) within a given time (t,qmp—up). Then,
the output current value remains constant at I, for a time tgy,. Finally, the current

decreases linearly from I,,,4, to I, within a given time t,4mp—down-
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Figure A.3: User interface of the Delta-Elektronika power supply controller program
(RS232) in the manual mode.

The program automatically computes the corresponding ramping-up and down speeds
expressed in mA /min from the parameters entered by the user. Once all the parameters
are set, the “ready to start” green signal is lighted and the user only has to slide the
“output on-off” button to the start position. After that, the predefined sequence will
start, the green signal will be off and the orange “running” signal lighted. The remaining
time expressed in minutes and seconds is displayed on the program. When the sequence
ends, the “finished” red signal is on and the output current value remains at 1,,,;,. To stop
and reinitialize the sequence, the user only has to slide the button “output auto on/oft”
back to the “Stop and Reinit” position.

Our program is thus able to drive a complete sample-heating cycle with high precision
and reproducibility. The ramp-up/down and stationary time are set with an error range
lower than a second. The output parameters are measured at least two times per second.
The precision on the targeted and measured current values is not limited by the program
and is therefore limited by the power supply intrinsic properties (around 1mA). The set
of data including output voltage, current and thermocouple temperature is displayed on
a dynamic graph. Timestamped graph data are automatically stored in an .xls file with a
frequency that is defined by the user (typically every three hours). After that, all the data
are cleared from the buffer and a new graph is displayed. The user also has the option

to save the data and start a new log file, but also to clear the graph, at every moment,
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pushing the button “save now and create a new file” and “clear graph auto”, respectively.
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Figure A.4: User interface of the Delta-Elektronika power supply (RS232) controller pro-

gram in the auto-mode.

A.2.1.2 Ethernet Model

A similar power supply with ethernet port option was also interfaced. The user inter-
face and the functions available on the ethernet power supply program are almost exactly
the same as the RS232 model. However, due to intrinsic differences in the communication
protocols, the communication structure of this program strongly differs from the RS232
program. The power supply is identified on the network by its IP address that the user has
to enter in the program to communicate with it. To control (write and/or read) parame-
ters of the power supply, the user has to send predefined commands such as “sour:curr\s
1.5” and “sour:volt\s 10” to respectively set the output current at 1.5A and the voltage
at 10V. To get the measured output values, the user has to send “meas:curr?\n” and
“meas:volt?\n”. UDP protocol was unsuccessfully used to communicate with the power
supply. TCP protocol was used instead. The rest of the program architecture is similar

to the RS232 version.
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A.2.2 Elektro automatic PS 2000

Another power supply model PS2000 manufactured by Elektro Automatik was also
interfaced. It communicates with the computer using USB. It was delivered with pro-
tected driver programs that were used in my program. A sub-program (or sub-VI in the
Labview language) developed by the manufacturer is used to identify the device by its se-
rial number. Once the connection is made, sub-VIs, which are adapted from the program
developed by the manufacturer, are used to set and measure the output voltage/current.
The rest of the structure is similar to the program developed for the Delta Elektronika
power supplies. The performances of this program are still limited to the power supply

properties.

A.3 K-cell evaporators controller

The objective of this section was to build a program that can precisely control and
monitor the temperature of different k-cell evaporators. An auto-mode had to be imple-
mented to progressively increase and/or decrease the current in the k-cell filament. This
option can be used to heat the crucible at pre-heat temperature (usually 30-20 °C under
the typical evaporation temperature) or to cool down the evaporator after the molecule

deposition. An additional alarm preventing crucible overheat had also to be implemented.

A.3.1 Createc K-cell evaporators

The controllers of the k-cell evaporators manufactured by Createc were interfaced.
In these controllers, the crucible temperature and the filament current are controlled by
a Eurotherm 3504 controller that has a RS232 output. Eurotherm provides a Labview
driver for their controllers that I partially used in my program. Eurotherm controller
communicates at a baud rate of 19200 with no parity bit. The built-in drivers include a
VI to initialize the serial connection with the device, a VI to read the manual setpoint
value and another one to read the temperature. However, no driver was included to
control and change this manual setpoint. The memory address of the controller where this
setpoint is stored was found. I built a program that simply replaces the previous setpoint
value by a new value in the controller memory. The output current delivered through
the k-cell filament is simply given by the active setpoint times a power limitation. This
limitation is set by turning a knob on the front panel of the Createc controller. Therefore,

depending on the knob position, a completely different current can be delivered for a given
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Figure A.5: User interface of the Createc evaporator controller program.

Eurotherm setpoint. Consequently, the only information of Eurotherm setpoint was not
sufficient and we needed also to monitor the filament voltage and current. Unfortunately,
this information was not available in our controllers. The Eurotherm controller was then
opened and the voltages applied to the LCD screen displaying the current and the voltage
applied to the filament on the front panel of the controller, were measured. These voltages
were found to be actually proportional to the values displayed on the LCD displays, and
therefore to the real voltage and current value. Two pairs (one for the voltage, one for the
current) of two wires were welded from the displays connectors to the back of the controller
where they were welded to the pins of an unused serial port. A special connector was
connected to this port out of the controller with four wires. The voltages between both
pairs are measured by a NI-USB-6000 USB device and sent to the computer. Tests were
performed to calibrate the proportional factors between the voltages read at the output
of the LCD displays and the value actually displayed on these monitors. These operations
were done for the two Eurotherm controllers of the lab.

In my program, once the button “evap connected” is pressed, the active setpoint of
the Eurotherm controller, the k-cell temperature, and the filament voltage and current

are displayed and monitored. I also added a remote control button that sets the value
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of the active setpoint from the computer. When this button is pressed, the initial value
of the remote setpoint is automatically set to the active setpoint value measured at the
last iteration of the program so as to avoid brutal changes of the filament current. Let
us consider that the active setpoint was for example fixed at 42% before the remote
control button was pushed and that the remote control value was for example set at 0%.
Once the remote control button is pushed, the remote setpoint is automatically changed
from 0 to 42% so that the active setpoint value does not change. This is only true for
the first iteration after the user pressed the button. After this iteration, the remote
setpoint value set by the user will be transferred to the controller as active setpoint.
An additional security was added to prevent accidents related to excessive heating of
the crucible and consequently unwanted evaporation of large amount of molecules in
the chamber. Depending on the molecules placed in the crucible, the user defines a
temperature alert (typically 5-10 °C higher than the usual evaporation temperature of
the molecules) and a security setpoint (typically half or two third of the active setpoint
used to reach the molecule evaporation conditions). If the temperature monitored by the
controller becomes higher than this alert temperature, the program will automatically
set the active setpoint value to the security setpoint defined by the user. This is true
even if the remote setpoint control mode is not activated. The controller will stay at
the security setpoint value until the “reinit” button is pressed by the user. After the
user has pressed the “reinit” button and only if the temperature has dropped under the
maximum temperature limit, the user will be free to set another active setpoint of his
choice. Another progressive shutdown option was also implemented in the program. This
option requires the remote control mode to be activated. The user sets a time target for
the evaporator shutdown. After the button progressive shutdown is pressed, the remote
setpoint value is automatically and linearly decreased by the program itself until it reaches
zero after the time target.

To summarize, this program allows the monitoring and the control of the temperature
(read), active setpoint (read/write) and current/voltage (read) of the evaporators. There
are at least two or three iterations per second. The precision of the temperature displayed
is imposed by the Eurotherm controller (0.1°C). The active setpoint precision is 0.1%.
The accuracy of I/V measurements is around 0.01 A/V respectively. In the standard
mode, the active setpoint is only read but not modified by the program. The user is
thus free to modify the active setpoint on the controller front panel. If the user pushes
the remote control button, the remote setpoint value is automatically set to the previous
setpoint value so as to avoid any brutal variations of the filament current value. After

that, the user is free to modify the setpoint value on the computer interface and it is

135



A. INTERFACING AND AUTOMATING OF LABORATORY
EQUIPMENTS

no longer possible to modify the active setpoint on the controller front panel. If the
evaporator temperature reaches a given limit, the evaporator setpoint is set to a security
limit until the user acknowledges the alarm and reinitializes it. This is true whether the
remote control mode is activated or not. An option is also available to progressively shut

down the evaporator active setpoint with selected duration.

A.3.2 Custom evaporators

Power supply control programs were adapted to use the power supplies for controlling
k-cell evaporators that do not come with a dedicated controller. These programs have
the same architecture and were developed to control the ES2030-10 (RS232 and ETH
model) and the PS2000 power supply. The evaporator temperature is read using a TCO1
USB module, similarly to the heating stage controller. If the thermocouple is not con-
nected to the TCO1 module, a red light, a message “thermocouple disconnected” and a 0
temperature will be displayed. An additional feature was added to make these programs
compatible with most of the evaporators. Indeed, the TCO1 driver is only supporting
type-K thermocouple and is not capable of measuring temperature using type-C thermo-
couple that are sometimes used in k-cell evaporators (the Createc models for example). 1
added a feature for type-C thermocouple that uses a 6! order polynomial fit to convert

the type-C thermocouple voltage to temperature.
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Figure A.6: User interface of the Delta-Elektronika power supply (ETH) evaporator con-

troller program.
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Two modes are available in the evaporator programs.

e The Volt/Curr mode which is similar to the manual mode of the power supply

programs.

e The Setpoint mode which is similar to Createc controller program. The user
sets a maximum value for evaporator current and voltage (equivalent to turning
the power limit knob on the Createc controller). After that, the user sets a remote
setpoint that corresponds to a percentage of the maximum current value for the
evaporator. For example, if the max current set for the evaporator is 5 A and if
the user sets a 50% setpoint, the output current will be 2.5 A. Temperature alert
security and progressive shutdown option work exactly as in the Createc controller
program. An additional progressive ramp-up option was introduced. The user sets
a ramp setpoint and a time target. The program will raise linearly the setpoint
from the initial value (when the progressive ramp-up button is pressed) to the ramp
setpoint within the desired time. The performances of this program are similar to

the performances of the power-supply program.
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Appendix B

X-ray photoemission spectroscopy

and synchrotron radiation

The objective of this chapter is to present the X-ray Photoemission Spectroscopy
measurement technique used in Chapter 6. The experimental set-up at Soleil Synchrotron

TEMPO beamline, where the measurements were carried out, will also be presented.

B.1 X-ray photoemission spectroscopy (XPS)

B.1.1 General presentation and associated physical processes

The photoemission spectroscopy (XPS) (also called “Electron Spectroscopy for Chem-
ical Analysis” (ESCA)) is a spectroscopic technique relying on the irradiation of a sample
with photons of known energy and the consecutive electron photoemission. This phe-
nomenon corresponds to a photoelectric process which has been discovered in 1887 by
Franck and explained in 1905 by Einstein. Depending on the energy of the incoming
photons, different levels of the sample can be probed. For example, X-ray photons can be
used to probe the core-level electrons of the sample whereas UV photons can only be used
to probe the valence shell electrons. The photoemission spectroscopy measurements are
based on the analysis of the kinetic energy of the extracted photoelectron (Figure B.2).
From the energy conservation during the photoemission process, the initial binding energy

of the photoelectron extracted from the sample follows the relation B.1:
hVIEB+EK+Wa (Bl)
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where Ep is the photoelectron initial binding energy, F its kinetic energy, W, the work
function of the analyzer, h the Planck constant and v the frequency of the excitation

photon at the origin of the photoemission process.
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Figure B.1: Illustration of the XPS measurements principle. X-ray photons are absorbed
by the sample leading to the tonization of core-levels and to the emission of photoelectrons

having a kinetic enerqy Ey.

The photoemission spectroscopy measurements can be easily explained by a simple

three-step model:

First step: Photoemission of an electron. Through photoelectric effect, a photon of
energy £ = hr can eject an electron, from the core-levels for example, whose binding
energy is less or equal to the photon energy. The photoemission process leads to the

subsequent formation of an electron hole in the respective core-level (ionization).
Second step: The photoemitted electron travels toward the surface:

Third step:Depending on the number of inelastic collisions that the photoemitted elec-
trons encounter in their way to the surface, they can reach the surface with different kinetic

energies:
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Figure B.2: [llustration of the inelastic scattering process of the photoemitted electrons.

e Case 1: The electron suffers from no inelastic collision (i.e undergoes no kinetic
energy loss) within the sample on its way to the surface. This gives rise to the main

photoemission peak observed in the photoemission spectrum (1 in Figure B.2).

e Case 2: The photoemitted electron undergoes a moderate kinetic energy loss due
to a few number of inelastic collisions before reaching the surface. This leads to
the appearance of satellite peaks at higher binding energy in the photoemission

spectrum (2 in Figure B.2).

e Case 3: The photoemitted electron undergoes a huge kinetic energy loss due to
a large number of inelastic collisions. This leads to the appearance of secondary
electron peaks at very high binding energy in the photoemission spectrum (3 in
Figure B.2).

e Case 4: The photoemitted electron cannot reach the surface because of too many

inelastic collisions (4 in Figure B.2).

Therefore, electron inelastic collisions within the sample are of prime importance for

XPS measurements. It can be shown that photoemitted electron beam follows a Beer-
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Lambert law attenuation in the substrate:
—2z
[(Z) = [0 exXp (T) (B2)

where I(z) is the electron intensity at distance z from the initial emission site, I, the
electron intensity at the initial emission site. A is the electron inelastic mean free path,
in other words, the typical distance an electron can travel within the sample before an
inelastic collision occurs.

From the equation B.2, one notes that the photoelectrons emitted in the XPS mea-
surements are only coming from the part of the sample atoms that are close to the surface.
Typical sampling depth is usually taken at 3\ corresponding to the depth at which 95%

of the photoelectrons were scattered.
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Figure B.3: Inelastic mean free path (IMFP) of electrons in solids as a function of their

enerqy [175].

The electron inelastic mean free path also depends on the electron kinetic energy.
Surface-sensitive ability is of prime importance to measure the electronic properties of
surfaces or nanostructures at mono or sub-monolayer range. Figure B.3 shows the typical
dependence of the electron inelastic mean free path with the electron kinetic energy.
One can notice that the minimum inelastic electron mean free path corresponds to a
kinetic energy of approximately 50-100 eV. Therefore, the use of a tuneable photon source
such as a synchrotron radiation could be a great advantage to make extremely surface-
sensitive measurements. To do so, one has to select the incoming photon energy to be

approximately 50-100 eV greater than the electron binding energy of the element to probe.
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B.1.2 Hemispherical electron analyzer

Figure B.4: Scheme of a typical hemispherical spectrometer that is used in photoemission

spectroscopy measurements.

The determination of the photoelectron kinetic energy with a high precision is nec-
essary to obtain reliable and detailed core-level electron spectroscopy information. For
that purpose, a hemispherical photoelectron detector also called electron analyzer is used.
The inner hemisphere (radius of curvature R;) is put at a potential V; whereas the outer
hemisphere is put at potential V5. Therefore, an electric field is generated and the incom-
ing electrons are deflected. One can show that only the electrons having an energy Ej
imposed by equation B.3 finally reach the detector at the other end of the analyzer. One
can tune the bias V5-V) to selectively detect electrons with specific kinetic energy on the

detector. This energy Ej is also called the “pass energy” of the analyzer.

Vi — V)
E():@% (BB)
Ri~ Re

Slits are positioned at the entrance and output to improve the resolution of the ana-
lyzer. This resolution also depends on the radius of curvature of the hemispheres as well

as the incidence angle of the incoming electrons. It can be expressed as:

w a?
AE=Fy | ——— + — B.4
0 lRl TR 4 } (B-4)
where w is the average of entrance and output slits widths and « the incidence angle of

the incoming electron beam. Therefore, a lower pass energy leads to a better resolution.
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However, lowering the pass energy also leads to a reduction of signal to noise ratio (SNR)

of the detected electrons.

Electromagnetic lenses are positioned just before the entrance of the electron analyzer.

They have two main functions:
e They focus the electron beam inside the hemispherical analyzer.

e They precisely and controllably decelerate the electrons reducing their kinetic energy

down to the pass energy Fj of the analyzer.

In sweep mode, the pass energy of the analyzer is fixed. At the same time, the voltage
applied to the electrostatic lenses is swept. Photoemission spectrum can be acquired
plotting the number of photoelectrons detected (counts on the detector) against their

kinetic energy.

B.1.3 Spectroscopic measurements and peak shape

One can also use the relation B.1 to plot the electron counts against the binding
energy of the core-level electrons, thus gaining knowledge on the sample chemistry and
composition. Indeed, the core-level electron binding energy depends on the material. For
example, the typical electron binding energy for the 1s core-level is 285 eV for carbon,
400 eV for nitrogen and 530 eV for oxygen. One can also determinate the nature of the
chemical environment of the sample by XPS, getting insight on the different kinds of
chemical bonds on the sample. For example, C-O, C-N and C-C bonds can be discrimi-
nated. One can get information about for example the oxidation states of some elements
analyzing the shifts of the photoemission components in the spectra. Moreover, one can
also get quantitative information through XPS measurements. Indeed, the photoemission
peak area is proportional to the number of atoms involved in the photoemission process.
Consequently, the analysis of the photoemission peaks intensities can give quantitative

information about the sample stoichiometry.

Photoemission spectra are composed of several spectral functions, which take into
account all the possible excitation processes in the sample of interest. These spectral
functions can be represented by a set of peaks, e.¢g. main lines and satellites, multiplets,
doublets depending on the spin-orbit degeneracy. The peak shapes are typically deter-
mined by a Voigt function. The Voigt function is a convolution between a Lorentzian
and a Gaussian distribution. The Lorentzian contribution originates from the limited

lifetime of the core-hole state. The Gaussian broadening is mostly due to the incoming
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X-ray radiation, thermal broadening and also to the resolution of the electron analyzer.
Chemical and structural inhomogeneities in the surroundings of the emitting atoms often

also contribute to the Gaussian broadening [176].

In conclusion, X-ray Photoemission Spectroscopy is based on the photoemission of
core-level electrons. The kinetic energy of the photoemitted electrons is measured with
an electron analyzer. The binding energies of the sample core-level electrons are derived
from the measurements. The incoming photon energy can be adjusted using a tunable
X-ray source such as synchrotron radiation to minimize the photoelectron mean free path.
Measurements with high surface sensitivity can thus be achieved. From the analysis of
the XPS spectra, peak shape, position, intensity and chemical environment (composition,

stoichiometry, oxidation state) of the sample are probed.

B.2 X-ray spectroscopy facilities and equipment

B.2.1 Soleil Synchrotron

Figure B.5: Aerial picture of the Soleil Synchrotron located in Saint Aubin, France [177].

Synchrotron facilities provide a photon beam with a wide energy range that can be
used inter alia for X-ray spectroscopic measurements such as XPS. SOLEIL (“Sun” in
French) is a synchrotron facility in Saint-Aubin, near Paris. It performed its first electron
acceleration on May 14, 2006. It is a circular accelerator of electrons providing a broad
range photon excitation beam, from hard X-ray to infrared [178].

The synchrotron radiation is the light emitted by relativistic electrons (which velocity
is close to the speed of light) of very high energy (2.75 GeV at Soleil) spinning in a storage
ring (354 m in circumference at Soleil). This is done by tangentially curving the electron

beam with a magnetic field (Lorentz force).

e To reach such energies, a small electron beam emitted by an electron cannon is first

accelerated in a 16-meter long linear accelerator (Linac) reaching Ex = 100 MeV.
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After this initial acceleration, the electron beam is directed towards a circular ac-

celerator called the booster until the electrons reach an energy of 2.75 GeV.

e The electrons are injected into the storage ring of 354 m circumference and spin for

several hours.

e In the storage ring, magnetic devices control the trajectory of the electrons and
make them controllably oscillate. The electrons then lose energy emitting photons

(synchrotron radiation).

e The synchrotron radiation is then processed by optical systems toward experimental
stations also called beamlines. There are 26 beamlines at Soleil, each one devoted

to a special photon range, analysis technique and purpose.

XPS measurements presented in this manuscript were acquired using one of these 26
beamlines called TEMPO.

Figure B.6: Scheme of the Soleil Synchrotron [178].

B.2.2 TEMPO beamline

The TEMPO beamline has two undulators HU80 and HU44 with a output X-ray
photon energy range varying between 50 and 1500 eV. It is equipped with two UHV
chambers and one load-lock chamber. Organic molecules can be deposited on the sample
in the preparation chamber on which standard surface preparation elements are installed
(Ar* gun, electron bombardment heating system). The sample can be transferred in
the measurement chamber where a cryostat can be used to cool the sample at Ta~50K
using liquid He. X-ray photon beam irradiates the sample and the photoelectrons are
collected in a SCIENTA SES 2002 analyzer. The sample stage is motorized so that
one can easily change the position of the beam on the sample (to avoid beam damage,

especially for organic molecules). To conclude, the TEMPO beamline is perfectly suited
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Figure B.7: Picture of the TEMPO experimental station [178].

for XPS measurements of core-levels but also valence band measurements, with a very
high energy resolution and surface sensitivity. TEMPO capabilities perfectly fit with the
characterization of low coverage 2D nanoarchitectures studied during my PhD. The XPS
measurements reported in this manuscript were all obtained at the TEMPO beamline of

the Soleil Synchrotron.
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Résumé

Elaboration de nanoarchitectures organiques bidimensionnelles par

auto-assemblage et réactions sur surface

Ces dernieres années ont été marquées par de grandes évolutions tech-
nologiques a travers notamment une course a la miniaturisation. De gros ef-
forts de recherche se concentrent en particulier sur le domaine de 1’électronique
organique mais aussi sur de nouveaux matériaux bidimensionnels comme le
graphene. Ces matériaux 2D présentent des propriétés physiques exception-
nelles et sont des candidats prometteurs pour le développement de futurs dis-

positifs électroniques.

Au cours de cette these, 'approche ascendante, qui consiste a assem-
bler ensemble des petites briques élémentaires, a été utilisée pour élaborer
des nanostructures bidimensionnelles originales sur des surfaces. Les pro-
priétés de ces nanostructures ont été étudiées par microscopie a effet tun-
nel et par spectrométrie photoélectronique X. Des nanostructures bidimen-
sionnelles ont été élaborées par auto-assemblage de briques moléculaires, sta-
bilisées par des interactions intermoléculaires. En particulier, des nanostruc-
tures stabilisées par liaison hydrogene, halogene et ionique-organique ont été
étudiées. Des états électroniques localisés dus a un couplage électronique
latéral particulier entre des molécules de PTCDI ont été observés. Ce couplage
se manifeste par la modification locale des états électroniques des molécules
étudiées mais également par 'apparition d’états électroniques localisés entre
ces molécules. De nouvelles nanoarchitectures ont également été créées apres
déposition de molécules organiques (PTCDI) et de composés ioniques (chlorure
de sodium) sur une surface d’Au(111) puis en faisant varier la température.
Plus précisément, quatre types de nanoarchitectures hybrides ioniques-organiques
différentes ont été réalisées et observées par microscopie a effet tunnel. Des
nanostructures peu organisées en forme de fleurs apparaissent a température
ambiante, laissant place a une structure poreuse organisée en forme de filet de
péche apres recuit a 100 °C, puis a des structures en chaine apres recuit a plus
haute température. En particulier, la position des composés ioniques dans
ces nanostructures hybrides a pu étre observée. Cela a permis d’expliquer et

de comprendre la formation de ces nanostructures qui apparaissent comme



stabilisées par des interactions N-H / Cl- spécifiques. Des nanostructures
organiques covalentes ont aussi été élaborées par une réaction de couplage
d’Ullmann sur la surface. Dans un premier lieu, un précurseur organique en
forme d’étoile avec des substituants iodés (TIPB) a été déposé sur une surface
d’Au(111). A faible taux de couverture (en dessous de 0.2 monocouche), la
formation de nanostructures covalentes poreuses a été observée apres dépot de
TIPB sur la surface a température ambiante. Les nanostructures covalentes
formées sont poreuses mais pas régulieres et apparaissent comme croissant
a partir des bords de marches de la surface d’or. Au-dessus de 0.2 mono-
couche, de nouvelles structures apparaissent et se développent sur la surface.
Ces structures respectivement en forme de vague et de noeud-papillon sont en
fait constituées de molécules de TIPB intactes stabilisées par liaison halogene.
L’apparition de ces nouvelles structures constituées de molécules intactes est
attribuée a I’empoisonnement des bords de marches de la surface d’or qui sont
connus comme étant des sites catalytiques actifs de la surface, par des atomes
d’iode. Au-dessus d’une monocouche, la croissance des nouvelles structures
vague et noeud papillon va provoquer 'expulsion des structures covalentes
en couche. Un deuxieme précurseur organique en forme d’étoile, avec deux
bromes au bout de chaque branche (T2BPB) a également été déposé sur une
surface d’Au(111) en faisant varier sa température. A température ambiante,
une structure poreuse constituée de molécules intactes stabilisées par liaison
halogene-halogene est formée. En augmentant la température de la surface,
des chaines puis des structures covalentes sont successivement formées. En par-
ticulier, de grandes nanostructures carbonées hexagonales poreuses régulieres
(graphéne nanoporeux) ont notamment été synthétisées a haute température.
Ces travaux ouvrent de nouvelles perspectives pour la réalisation de matériaux

organiques bidimensionnels aux propriétés controlées.

Mots-clefs: Auto-assemblage, Microscopie a Effet Tunnel, Surface, Ull-

mann, Ultra Vide.
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miniaturisation. De gros efforts de recherche se
concentrent en particulier sur le domaine de
I’¢électronique organique mais aussi sur de
nouveaux matériaux bidimensionnels comme le
grapheéne. Ces matériaux 2D présentent des
propriétés physiques exceptionnelles et sont des
candidats prometteurs pour le développement de
futurs dispositifs électroniques.

Au cours de cette thése, I’approche ascendante,
qui consiste a assembler ensemble des petites
briques élémentaires, a été utilisée pour élaborer
des nanostructures bidimensionnelles originales
sur des surfaces.

Des états ¢lectroniques localisés dus a un
couplage électronique latéral particulier entre les
molécules ont ét¢é  observés.  Quatre
nanoarchitectures hybrides ioniques-organiques
différentes ont été réalisées en faisant varier la
température de la surface. Des nanostructures
organiques covalentes ont aussi été élaborées par
une réaction de couplage d’Ullmann sur la
surface. Deux précurseurs différents en forme
d’étoile avec des substituants iodés et bromés
respectivement, ont ¢été étudiés. De grandes
nanostructures carbonées hexagonales poreuses
ont notamment été synthétisées en faisant varier
la température du substrat. Ces travaux ouvrent
de nouvelles perspectives pour la réalisation de
matériaux organiques bidimensionnels aux
propriétés contrdlées.

Title : Engineering two-dimensional organic nanoarchitectures using self-assembly and on-surface

reactions
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Abstract : Over the last few years, important
technological developments were made
following a trend towards miniaturization. In
particular, lots of research efforts are put into the
research on organic electronics and on 2D
materials like graphene. Such 2D materials
show great physical properties and are
promising candidates for the development of
future electronic devices.

In this project, bottom-up approach consisting in
assembling  elementary  building  blocks
together, was used to engineer novel two-
dimensional nanostructures on metal surfaces.
The properties of these two-dimensional
nanostructures  were  investigated  using
Scanning Tunneling Microscopy (STM) and
X-ray Photoemission Spectroscopy (XPS).
Two-dimensional nanostructures based on the
self-assembly of organic building blocks
stabilized by intermolecular interactions were

engineered. In particular, nanostructures
stabilized by hydrogen bonds, halogen bonds
and ionic-organic interactions were
investigated. Localized electronic states due to
specific molecular lateral electronic coupling
were observed. Four different ionic-organic
nanoarchitectures were engineered varying the
substrate  temperature. Covalent organic
nanostructures were also engineered by on-
surface Ullmann coupling reaction. Two
different star-shaped precursors with iodine and

bromine substituents respectively, were
investigated. Large periodic porous 2D covalent
hexagonal carbon  nanostructures  were

successfully engineered by temperature driven
hierarchal Ullmann coupling. These results open
new perspectives for the development of 2D
organic materials with controlled structures and
properties.
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