"There's Plenty of Room at the Bottom: An Invitation to Enter a New field of Physics" was a famous lecture given by Richard P. Feynman at the annual American Physical Society meeting at Caltech, 1959 [1] . In his lecture, Feynman settled the inception for the field which was based on his vision of computer and machine miniaturization to the atomic scale where a huge amount of information could be storage and encoded onto increasingly small spaces. His speech significantly influenced the commencement of the nanotechnology and nanoscience which aim refers to the study and manipulation of a matter and particles on nanometer scale for a development of new nanomaterials and nanocomponents. The development of molecular electronics involves study and implementation of molecules as primary building blocks for the fabrication of the nanoscale devices. One of the fascinating examples regarding the given opportunity to the molecular integration into an electronic circuit was reported in work of Nongjian Tao and Bingqian Xu in 2003, who addressed electrode-molecule-electrode junctions presented by the conductance peaks for the set of organic molecules [2]. In this issue, an efficient current junction method which studies the conductivity of various organic molecules, quested to be deeply understood and controlled, not by using any another technique but by basic principle of chemistry: understanding the relationship between molecular structure and function which will enable the synthesis of molecules with improved properties.

Therefore, the organic nanostructures with desired properties could be studied by "bottom-up" approach which is inspired by "nature autonomous order phenomena" and refers to the fabrication of ordered nanostructures by using chemical or physical bonds operating at the nanoscale to the molecular building blocks which results into self-organized supramolecular growth or so-called self-assembled nanostructures [3]. The major advantage of the investigation of supramolecular self-assembly relays on efficient tuning of the resulting self-assembled properties (structural, electrical, photophysical etc.) just by shifting the structure-specific part of utilised molecular building blocks. In such a way, the variations in supramolecular selfassembled properties are contemplated by existence of different interactions between the building blocks. The breakthrough example of the development of 3D organic nanostructures based on self-assembly which are influenced by intermolecular interactions is presented by Jean-Marie Lehn, Donald Cram and Charles Pedersen, awarded by the Nobel prize in chemistry in 1987 for development and use of "molecules with structure-specific interactions of high selectivity" [4]. Ag(111) surface. Images adapted from [5].

Figure 1.1 a) Atomic scale view of nanostructure growth on surfaces. Atoms and molecules are deposited from vapor phase. The type of growth depends of ratio between diffusion D and deposition flux F. b) When F is larger than D (blue arrow) the growth is determined by kinetics individual processes mostly recognized in formation of metallic islands onto metal surfaces upper image presents Cu chains on anisotropic Pd(110) surface and down image presents Ag dendrites on Pt(111) surface). c) When D is equal to F, complex interplay between kinetics and thermodynamics affects nanostructure growth. This condition is recognized for semiconductor nanostructures: upper right and upper left panels show pyramidal and dome-shaped Ge semiconductor quantum dots grown on Si(100). Lower panel of figure 1.1 c) presents boronnitride nanomesh on Rh(111). d) If the D is higher than F (red arrow), it allows thermodynamic conditions to be set at equilibrium state which is recognized at self-assembly of organic molecules on metal surfaces and shows self-assembly in formation of rod-like benzoic acid molecules on

The idea of supramolecular self-assembly was extended in a solid state on surface which had a role of supporting sample for the molecular building blocks that once adsorbed on the surface form self-assembled nanostructures mostly influenced by non-covalent intermolecular interactions and molecule-surface interactions. The insight review of Klaus Kern and his collaborators suggest that growth and formation of nanostructures on surfaces involves mechanism that strongly depends of ratio between diffusion rate (D) and deposition flux (F) of adsorbates, precisely kinematic and thermodynamics conditions [5]. If deposition F is constant or even lower than diffusion of adsorbates on surface (D) then formed nanostructures are the result of minimum energy configuration that suits to thermodynamic conditions where
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General introduction adsorbates by time are confined once the potential energy with a surface reach the minimum (red arrow in Figure 1.1 a). For an instance, Figure 1.1 d) displays the representative product of above explained condition (D > F) of self-assembled benzoic acid molecules on Ag(111) surface, indicating that supramolecular self-assemblies are manifested by molecular recognition which is promoted by thermodynamic equilibrium. Once the flux rate of adsorbates is higher than diffusion (small value of D/F), the nanostructured patterns are determined by kinetic conditions, mostly leading to the metastable structures which is in Figure 1.1 presented by blue arrow. In most of the cases, these structures are resulted by deposition of metal atoms upon metal surfaces, as presented in Figure 1.1 b), where in the upper image, monoatomic Cu chains grow on an anisotropic Pd(110) substrate and in the down image Ag dendrites are formed on hexagonal Pt(111) surface. Semiconductor nanostructures are usually grown at intermediate D/F condition and their morphology is determined by the complex interplay between kinetics and thermodynamics. Usually it result in various structured pattern such as pyramidal and dome-shaped Ge semiconductor quantum dots grown on Si(100), as presented in Figure 1.1. c) (upper right and upper left panels), and a boron nitride nanomesh on Rh(111) surface (down image).

A step-forward in the fabrication of molecular nanostructures on surfaces was presented almost one decade ago as a novel strategy for generating more stable nanostructures which are stabilized by covalent bonds. Certainly, controlling and tuning the formation of C-C covalent bonded organic nanostructures was developed in a respected method for synthesis of polymer nanoarchitecture with unique novel functions, as it was impressively elucidated by on-surface atomically precise synthesis of graphene nanoribbons (GNRs) by Fasel and Mullen [6], [7].

The object of this thesis was focused on development and investigation of two-dimensional periodic self-assembled nanostructures and on-surface synthesis of two-dimensional covalently bonded nanostructures. In addition, the great spotlight in our work is set on the functionalization of used surfaces by molecular adsorption and their role in supramolecular self-assembled growth. The distinctive point in this thesis is "our step-forward" dedicated to the merged investigation of organic assemblies on surfaces developed in ultra-high vacuum conditions and ambient conditions, respectively.

In that case, our goal was achieved due to the scanning probe techniques which our group possess:

• VT-STM (Variable temperature Scanning Tunneling Microscopy) working under UHV conditions, which provides a clean environment for the characterization of developed supramolecular self-assembled networks and surfaces. • AFM (Atomic force microscopy) operating at ambient conditions, which provides opportunity the study development of supramolecular self-assembled networks and their stability at ambient conditions.

Obtained STM and AFM images of formed molecular assemblies in this thesis represent interplay between intermolecular and molecule-surface interactions, thus suggesting that first chapter will be dedicated to the presentation of already reported on surface self-assemblies by non-covalent and covalent interactions. 1 Supramolecular self-assembling on surfaces

This chapter provides an overview of the state of the art concerning the formation of selfassembled nanostructures which are influenced by noncovalent and covalent intermolecular interactions on different kinds on surfaces, respectively studied by Scanning Tunneling Microscopy in UHV conditions and Atomic Force Microscopy at ambient conditions.

Supramolecular self-assembling by noncovalent interactions

The supramolecular self-assembly on surfaces is considered as an important aspect of bottomup approach and is usually recognized as a spontaneous association of molecular units under equilibrium condition which is promoted by harnessing of noncovalent bonding in order to design well defined supramolecular complexes or networks on surfaces. Noncovalent intermolecular interactions that usually manifest among molecular assemblies into twodimensional assembled confinement could be divided into distinct groups, such as: Hydrogen bond (H-bonding), Van der Waals interactions, dipole-dipole interactions, π-stacking, metalorganic interactions, halogen-halogen interactions etc. Furthermore, the successful handling of molecular units on surface strongly depends on substrate atomic nature, chemical reactivity of surfaces' (ad)atoms, adsorption energy and surface symmetry. Indeed, only the arise balancing of intermolecular interactions and molecule-surface interactions allows the formation of complex self-assembled ordering.

Noncovalent intermolecular interactions

Energy (eV) Interaction distance (nm) and nature of bond

Reference

Hydrogen bond E ≃ 0.05 -0.7 eV 0.15-0.3 nm [8] Van der Waals E ≃ 0.02 -0.1 eV < 1 nm [9] Dipole-dipole interaction E ≃ 0.1 eV 1/r 6 [10] π-π interaction E ≃ 0.1 eV 0.33-0.38 nm [11] Metal-organic interaction E≃0.5 -2 eV 0.15-0.25 nm [12] Halogen-halogen bond E≃0.05 -1.86 eV 0.26-0.36 nm [13] Supramolecular self-assemblies and on-surface synthesis 2 However, the overview of this chapter will be mostly concerned about intermolecular bonds as a driven force for the supramolecular nanostructures. It is notable to mention that our group is recognized in molecular self-assembly on a passivated silicon-boron surface, Si(111)-B. In addition, for the sake of the research in our group, metallic surfaces (Au, Cu and Ag) and carbon based (HOPG) surfaces are accessible in order to perform and study various molecular assemblies and on-surface synthesis in UHV and ambient conditions.

Hydrogen bond

Back in the 1950s, the structure of DNA was resolved in which intricate double helix was stabilized by Hydrogen bonding and moreover enhance the comprehension of subtle assembly pathways of various biomolecular organization such as: viruses, bacteriophages, cellular components etc. Therefore, the nature principle of autonomous ordering is significantly expressed by H-bonding in terms of molecular conformation and molecular aggregation which highly influenced scientists to design functional molecular building blocks by linkage of "Hydrogen bonding program" in order to form supramolecular architectures. This section is intended to survey basic principle of Hydrogen bond and retrospectives with a focus in the selfassembled organic structures in a solid state which can be considered as preamble of the Chapter 3 concerning our experimental results.

The Hydrogen bond is defined schematically as: X-H•••A interaction if 1. it establishes a local bond and 2. X-H acts as a proton donor due to the strongly polar group 𝑋 𝛿--𝐻 𝛿+ to the proton acceptor group 𝐴 𝛿-(X = O, N, halogen atom; A = O, N, S, halide, etc.), as presented in the Figure 1.2 [7]. Due to its high directionality, it is one of the most present govern intermolecular force among molecular units into self-assemblies on surfaces and often determined by its properties based on specific interaction geometries: the distance cutoff limits for X-H•••A interaction is 3.0 or 3.2 Å between the H•••A moieties that could be considered potentially as Hydrogen bonding.

Figure 1.2 Prototype of Hydrogen bond among molecules of water: Definitions of geometrical parameters: d is distance between H ••• O atoms of two water molecules, D is distance between two O atoms of two water molecules, Ɵ is O-H•••O angle.

The image is adapted from [14].

Addition geometric criteria that bonding between molecules could be considered as Hydrogen bond is positive directionality preference and angular cutoff which can be set at > 90 ° between proton donor and proton acceptor molecular moieties.
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Tuning the desired extension and molecular arrangement into supramolecular assemblies on surface could be successfully achieved by an appropriate choice of functional molecular species that will affect their intermolecular arrangement which will be stabilized either with a "simple" Hydrogen bond or diverse kinds of Hydrogen bonds, simultaneously. The phenomena of a "simple" Hydrogen bond as most fundamental Hydrogen bond system where one proton donor interact with one proton acceptor, is used as representative example for a conformation selective assembly of porphyrin and its carboxyphenyl substituents on Au(111) surface reported by Yokoyama et al. Their work displayed possibility of steering cluster formation made up by porphyrin molecules towards two-dimensional network, due to the influence of "simple" Hydrogen bond among porphyrin adsorbates [15], [16]. [15], [16].

Figure 1.3 Conformation selective self-assembly of porphyrin molecular building blocks on metallic surface which resulted into formation of different nanostructured outcomes which are stabilize by "simple" Hydrogen bond between carboxyphenyl substituents. a) Two and b) fourmembered clusters of carboxyphenyl-substituted porphyrins on Au(111) represented by STM images. c) STM image of straight wires built-up by two different enantiomers of porphyrin molecules. d) STM image of aggregated zigzag cis-porphyrin molecules stabilizing the inception of two-dimensional networks. Images adapted from

The molecular assemblies could be comprehended as crystalline organic nanostructures on surfaces, usually highly dense packed, thus giving opportunity to establish diverse type of Hydrogen bonds among molecular units into self-assembled network such as: "simple" or twocantered Hydrogen which is already presented above, bifurcated or three-cantered Hydrogen bond and very rarely found in practice trifurcated or four centered Hydrogen bonds, which are schematically presented in Figure 1. 4. In bifurcated Hydrogen bond (Figure 1.4 b), one proton donor can interact with two proton acceptors or vice versa where the shorter interaction between proton donor and proton acceptor is known as the major component of bifurcated Hydrogen bond. Hydrogen bonds between hydroxyl group and carboxyl groups of DHICA molecules in formation of trimer (outline by blue ellipses). Images adapted from [17].

The presence of bifurcated Hydrogen bond is not extensively reported neither its influence into self-assemblies, yet it indicates that can highly impact compactness of supramolecular selfassembled networks and presence of multiple polymorphism structures on surfaces, simultaneously. It implies that molecular building blocks with different functional groups tend to manifest different types of self-assembled structures, simultaneously maintained on supporting surface. One of the latest issues reported by F. Rosei et al. is occupied by intermolecular interactions which govern self-assembling of eumelanin monomer (or so-called "dark pigment molecule") 5,6-dihydroxyindole-2-carboxyclic acid (DHICA) on Au(111) that resulted into a number of multiple phases, often simultaneously presented on the surface (Figure 1.5) [17]. The observed polymorph nanostructures were consequence of the two-centered Hydrogen bonds that manifest between carboxyl moieties (COOH) of two adjacent DHICA molecules and three centered Hydrogen bonds that manifest mostly between catechol moieties [C6H4(OH2)] and carboxyl moieties of two adjacent DHICA molecules, as presented in the Instead, it is revealed by DFT calculations of the bonding geometries that observed phases are stabilized by strong interactions between carboxyl moieties of DHICA molecules, due to the two-centered Hydrogen bond that occurs between DHICA molecules arranged into dimers (indicated by red ellipses). However, the manifest of multiple phases is consequence of interplay between two-centered and three-centered (bifurcated) Hydrogen bonds that occur y
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between catechol groups of one DHICA molecule and carboxyl groups of another DHICA molecules (Figure 1.6 d), e) and f), indicated by two, blue ellipses). The observed multiple supramolecular arrangements are well close in the Hydrogen bonding energies which implies that molecular interactions that drive the self-assembly process towards different outcomes could be balanced by one another and as a consequence there would not be predominated phase structure.

In order to successfully fabricate self-assembled nanostructures built-up by functional molecules, the rational design of molecular building blocks is of crucial interest. For instance, fabrication of dipolar nanomaterials could be based on using dipolar molecules which by their nature possess different functional groups with distinct values of electronegativity. However, those types of molecular building blocks could be stabilized by different kinds of intermolecular interactions (due to presence of different functional groups) that usually hinder periodical and extensive molecular arrangement and promote multiple phases, simultaneously on the surface. In such a way, it is necessary to circumvent the problematic of the presence of multiple selfassembled phases on a surface by using rationally designed molecular building blocks which will be stabilized rather by cooperative than competitive intermolecular interactions (Hydrogen bond, Van der Waals, dipole-dipole π-π-interactions…) that will be govern forces for periodical and extended molecular self-assembling on the surfaces.

Van der Waals interactions

Van der Waals interaction are attractive and repulsive electric interactions caused by polarized charged fluctuation between atoms that results in non-specific and non-directive interactions. Adapted from [18].
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Being the weakest interactions among other intermolecular interactions, they are still the most common non-covalent interaction in nature, highly expressed either as govern or assisted intermolecular force for the growing supramolecular self-assembling in two-dimension confinement on surfaces. Regarding the reported literature, 2D self-assemblies built-up by organic molecular building blocks that possess lateral alkyl or alkoxy chains are stabilized by Van der Waals interactions and tend to interdigitate with each and in such a way, consequently forming densely packed two-dimensional nanostructures [19]. Due to high stability of resulted nanostructures, two-dimensional self-assemblies on surfaces could be, instead of ultra-high vacuum environment, investigated in air conditions. was investigated by varying molecular coverage and evaporation rate, by means of controlling thermodynamic and kinetics conditions for successful assembling of molecules [19].

Four different self-assembled phases of DDA molecules were observed once the different molecular coverage is examined, as presented in Figure 1 At higher molecular coverage (0.25 ML), DDA molecules self-assembled into bent configuration (Figure 1.7 c)) and linear configuration once the coverage of 0.25 ML is maintained, but the temperature of evaporation is increased for 20 degrees (Figure 1.7 d). In all presented phases, DDA molecules interact via Hydrogen bonds between the amid-core of the molecules, yet the particular appearance of diverse structures staring from hexagonal until linear (Figure 1.7 a)-d), e)-h) configurations are strongly influenced by Van der Waals interactions between interdigitated alkyl chains. This statement strongly indicates the impact of Van der Waals's role as wide-spread intermolecular interaction that can occur even by varying the kinetics and thermodynamics conditions for formation of self-assembled networks. Many investigations of Van der Waals influence into self-assembled nanostructures at ambient conditions are examined by STM at solid/liquid interface. However, the role of organic solvent which allow STM scanning at solid/liquid interface has significant role in two-dimensional selfassembling, frequently interposing among assembled molecular units. In order to avoid this obstacle and consider only intermolecular interaction between deposited molecular building blocks, our team has reported investigation of self-assembled nanostructures on HOPG surface at solid/air interface monitored by HR-AFM at ambient conditions, as shown in Figure 1.8 [20].

The aim of previously described work was to investigate the existence and stabilization of supramolecular self-assembled network by Van der Waals interactions at ambient environment in order to discriminate the influence of organic solvent. The OPP-3Ph molecules were deposited on HOPG surface by spin coating and organic solvent was evaporated from surface. OPP-3Ph molecules self-assembled into extended and compact networks in the formation of close-packed bright strips (Figure 1 . The previously described method of deposition of monolayered supramolecular network at ambient conditions which will be monitored by AFM, will be implemented in experiments of Chapter 4.

Dipole-dipole interactions

Dipole-dipole interactions is the type of Van der Waals intermolecular forces with an electrostatic nature that occurred between molecules with permanent dipole moments: the partially negative part of one polar molecule is attracted to the partially positive part of another polar molecule. In the term of self-assembling, dipole-dipole interaction is always analyzed by using molecular building blocks which possess permanent dipole moment and in such a way display the role of functional adsorbates on surfaces where the investigation is usually applied on the orientation of their dipoles into on-surface supramolecular self-assemblies (ferroelectric or antiferroelectric properties). Although, the dipole-dipole interactions are considered as one of the weakest interactions among other intermolecular forces, they have possibility to exert important role in dipole induced self-assembly in terms of alignment of molecular dipoles on surfaces. In few cases, it appears that dipole-dipole driven self-assembly could result in formation of highly periodic self-assembled nanostructures.

However, there is current lack in understanding the mechanism of dipolar ordering to occur in formation of extended and periodic two-dimensional network, which is frequently predominated by stronger molecule-molecule interactions (Hydrogen bonding, metal-organic interactions etc.) or substrate effect. Kunkel et al. presented the experimental and theoretical study that systematically investigate the set of strongly dipolar molecules as quinonoid zwitterions (left panel of Figure 1.9) with two types of substituents (ethyl substituent EZI and butyl substituent BZI) adsorbed on various metal surfaces in order to elucidate the role of molecular dipole during self-assembly [21]. The way it was expected, if the dipolar interactions were evolved as driven force for the self-assembling then only one configuration which corresponds to one type of molecule, would be observed on different metal surfaces. It is notable to mention that in their analysis, the molecular dipole-surface interaction has an important role to control the growth of organic nanostructures and in the most of the cases
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promote repulsive interactions due to the charge redistribution between the interface of the molecules and surface which strongly hinder ability for formation of extended and periodical supramolecular network. As it is reported on coinage metal substrates, most of deposited dipolar molecules prefer nucleation towards Stranski-Krastanov growth or isolated molecular clusters, insufficiently ordered on surfaces [22]. However, Zhang et al. reported highly aligned porphyrin-based double-decker complexes on Cu(111) surface into hexagonal structures which perform simultaneous rotation once the electrical field is applied through a STM tip, as presented in Figure 1. 10 [23]. The molecular rotors used as molecular building blocks are consisted of two parts: the upper deck is 5,15-diarylporphyrin acts as rotator while naphthalocyanine moiety (lower part of molecule) is designed as anchor onto metallic surfaces through eight sulfur atoms. The upper and lower moieties of porphyrin-based double decker are interconnected by europium(III) ion. The upper moiety of molecular rotor has a permanent electric dipole moment oriented from cyano or electron-donating group towards butoxy or electron withdrawing group. Two facts contributed to the formation of highly aligned molecular rotors and their controlled rotational motion on Cu(111) surface once the bias voltage of STM is higher than 1V: decorrelation between dipole (upper part of molecule) and surface by introducing europium(III) ion where in a such a way surface effect is minimized towards the upper deck-dipole and second, rotation phenomena onto hexagonal molecular rotor network is obtained due to the degeneration of the ground-state dipole rotation energy which promote rotation of upper dipole once the electrical field of STM tip is applied.

1.1.3.1 Cooperated Hydrogen bonding interaction with dipole-dipole driven interaction for ordered two-dimensional self-assembling Engineering a specific organic adlayer composed of functional molecules is significantly challenging and seeks the comprehension of the competition and cooperation of intermolecular forces that induce structural formations into self-assembled nanostructures. The functionality of molecular building blocks into two-dimensional self-assemblies, significantly depends of their molecular arrangement and orientation on the surfaces. For an instance, the properties of ultra-thin materials built-up by organic molecules that possess permanent dipolar moments which are exerted through ferroelectric or antiferroelectric characterization, are strongly depended by orientation and arrangement of molecular dipoles that in the most of the cases are given by dipole-dipole interactions. However, in terms of elaboration of non-covalent intermolecular forces that dictate supramolecular assemblies, the role of weaker intermolecular interactions, such as van der Waals and dipole-dipole interactions are strongly hindered by the strength and directionality of Hydrogen bonding which fully govern the growth and formation of self-assembled nanostructures that results into diverse arrangement and orientation of the molecular building blocks. However, in order to achieve periodical formation of supramolecular nanostructures with desired extension and alignment, it is important to utilize "chemistry beyond nanoscience" by means of using molecules which functional groups that will manifest rather cooperative than competitive intermolecular interactions which will stabilize self-assembled nanostructures. In such a representative work, Barth et al. employed the two molecular building blocks 4-[trans-2-(pyrid4-yl-vinyl)] benzoic acid (PVBA) and 4-[(pyrid-4-yl-ethynyl)]benzoic acid (PEBA) designed for nonlinear optics applications in order to study stereochemical effects in the chiral supramolecular assembly of organic molecules at surfaces [24]. Both of deposited molecules consist of carboxylic acid ("head") and a pyridyl moiety ("tail") in order to form head-to-tail hydrogen bonds. Because of overall asymmetrical charge distribution, both molecules are associated to electrical dipoles. Attractive interactions between the molecular endgroups are therefore expected to be cooperative which is consistent with the directional interactions expected from hydrogen bond formation. 111). Images adapted from [24].

Smoothly curved shape and π-conjugated moieties of PVBA and PEBA molecules, which are adsorbed at arbitrary angles with respect to the substrate lattice, indicate that the substrate effect
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on the molecules is rather weak in comparison with the lateral intermolecular bonding [24]. Thus, in that case, dipole-dipole interaction should only manifest as intermolecular interactions among molecular adsorbent. Both molecules self-assembled into highly ordered and extended self-assembled network where PVBA molecules are arranged into one-dimensional chains (Figure 1.11 b) and 1.12 a)) with an antiparallel alignment of two adjacent PVBA rows while all PEBA molecules within two-dimensional network point in the same direction (Figure 1.11 d) and Figure 1.12 b) and c). Thus, the extended supramolecular network based on dipolar molecules on metal surface is promoted by delicate balance between disposition of the molecular endgroups as active lateral Hydrogen bonding site and cooperative role of moleculesurface interaction leading to the supramolecular networks with highly oriented (parallel and anti-parallel) molecular dipoles. 

Interactions π-π

Interaction forces between aromatic groups often referred as π-π interactions, are dedicated to the attraction and repulsion interactions that occur between molecules that possess π-electron system. These interactions are caused due to the electron deficient plan of H atoms and the πelectrons which often refers as interaction between two neighboring aromatic rings, ethylene moieties etc. According to the orientation of aromatic rings, three conformations are distinctive for the π-π interaction to occur, face-to-face orientation of aromatic rings (Figure 1 ). π-π interactions are shown as one of the notable interactions for engineering self-assembly especially with molecular building block that possess π-conjugated moieties and in that way by π-π stacking stabilize twodimensional and three-dimensional growth of organic supramolecular nanostructures on surfaces.

Figure 1.13 Three aromatic conformations of π-π interactions: a) T-shaped π-stacking b)

Parallel displaced π-stacking and c) Fact-to-face π-stacking. Image adapted [25].

Most of the molecular building blocks bearing π-conjugated segments are stabilized by different intermolecular forces, assisted with π-π interaction, yet frequently arranged into (co)planar fashion upon underlaying substrate. However, unusual discrete ring-shaped supramolecular structures onto metal surfaces has been reported in the work of Jethwa et al. indicating that observed corral-ring shaped nanostructures are formed through π-π intermolecular interaction as presented in Figure 1.14 [26]. The 1,5-triazole, consisted of triazole ring (moiety with three nitrogen atoms, see Figure 1.14 a) and b), linked from later sides by biphenyl and phenanthrene groups, assembled into ring shaped formation or so-called "supramolecular corrals" form onto Cu(111) surface, as presented in Figure 1.14 c) and d). In order to reveal driving force for the self-assembling of corral shaped structures, DFT calculations were used for understanding optimal adsorption configuration of paired 1,5-triazole molecules. The optimal adsorption configuration of paired 1,5-triazole molecules onto Cu(111) surface is presented in Figure 1.14 e) where preferred arrangement occurs in nonparallel stacking between phenanthrene groups with an angle of 35°. However, rotating molecules from presented optimal adsorption configuration through the angles Ɵ 1 and Ɵ 2 (two directions of rotation in Figure 1.14 e)) has been carried out in order to understand the contribution of attractive interactions that originate from each molecular component to the entire energy of dimers. The results showed that dimer stabilization is accomplished by π-π interaction between phenanthrene groups of two adjacent 1,5-triazole molecules once they are arranged within angel of 30° (relevant for the molecules into corrals) while the edge-on interactions between the biphenyl moieties of adjacent 1,5trizole molecules and molecule surface-interaction between Cu adatoms and triazole group are of less importance for entire stabilization energy of observed ring-shaped corrals. This example presents a strong influence of π-π intermolecular interaction which is strongly expressed into self-assembled aromatic nanostructures. 

On-surface formation of covalent bonds

The bottom-up fabrication of covalently bonded molecular building blocks directly on surfaces or so-called on surface synthesis has witnessed an enormous development in the past decade since it represents a successful strategy to grow functional nanostructures on surfaces [26]. It arises of necessity for high stability and robustness of formed nanostructures since the selfassembled networks on surfaces are stabilize by weak non-covalent intermolecular interactions.

The basic chemical principle of organic synthesis of polymers in solution is applied on the procedures that occur on surfaces: the inception for the formation of covalently bonded nanostructures is bottom-up approach for the fabrication of self-assembled networks by deposition of rationally designed molecular precursors which will be covalently linked by utilizing proper external stimuli. Various on-surface synthesis which background relies on
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organic reactions between molecular building blocks on crystalline surfaces has resulted in one dimensional covalently bonded nanowires, two-dimensional covalently bonded networks and nanoribbons. Synthesis of covalently bonded nanostructures on planar crystalline structures is successful method for obtaining atomically thin and robust on-surface structures due to two unique features:

1. The surfaces confines monomer building blocks and organo-intermediates in twodimension that provide anisotropic surrounding with spatially defined sites for the formation of C-C covalent bond among deposited molecular building blocks 2. Atomically defined surfaces provide detailed understanding of organic synthesis given by investigation of Scanning Probe Microscopies, which are mostly examined in conditions of ultra-high vacuum However, the formation of extended and ordered covalently bonded nanostructures still remains a challenge which is attributed to the fact that the organic synthesis on surfaces frequently require radical conditions (heat or catalysis) that often hinder the extensive ordering of nanostructures on surfaces. Moreover, the molecular building blocks on surfaces possess ability of diffusion which is another obstacle in controlling the reactants for the synthesis. Successful on-surface synthesis of covalently bonded nanostructures requires strict compliance of further factors:

1. Convenient choice of supporting surfaces by means of regulation of molecular diffusion, requires catalytic role of surfaces and chemical reactivity of the surface with deposited molecular units. 2. Rational design of molecular building blocks by means of bearing functional groups which are predestined for organic synthesis of covalent bond 3. Response to the external stimuli that promote initiation of polymerization, such as: thermal annealing, UV irradiation, tunnelling current etc.

Thermally induced on-surface polymerization

Thermally induced polymerization is exhaustively used method for obtaining covalently bonded nanostructures on surfaces [27]. This method is successively applied by investigation in UHV environment which allows introduction of high-temperature annealing process of supporting substrate that usually trigger covalent synthesis which is incepted by formation of radical-active site of molecule. Once the thermal annealing is introduced, first step which leads to the formation of covalently bonded cyclic structures is debromination of molecular building blocks thus providing highlyreactive radical species that are stabilized by surface (ad)atoms. As presented in 111) surface annealed at 290°C. Images adapted from [28].

The covalently bonded cyclic structures on Ag(111) surface are disseminative on the surface in comparison with the covalently bonded dimers and trimers obtained on Au(111) and Au(111)/Cu surface, as presented in the Figure 1.16 d). This result indicates that the aim to obtain highly ordered and extended covalently bonded nanostructures on surface could be exerted by careful choice of surface and molecular adsorbents since the on-surface synthesis by thermal annealing require selective conditions. The formation of covalently bonded nanostructures on metals surfaces require catalytic role of underlaying surface which can be exclusively obtained in ultra-high vacuum conditions that preserves ultra-clean environment for substrate and deposited molecules and acquirement of high-temperature thermal activation for on-surface reaction to be occurred. By comparing with literature that reports on-surface synthesis in UHV conditions, insufficient number of onsurface synthesis at ambient conditions has been reported, although it does not require timeconsuming vacuum technique and usage of metal surfaces. In such a way, the obstacle of poorly extended covalently bonded nanostructures that are mostly catalyzed by (ad)atoms of metal surfaces and obtained by high-temperature annealing could be circumvented. Dienstmaier et al. proposed two straightforward methods of on-surface synthesis of covalently organic frameworks (COF) on graphite surface at ambient conditions [START_REF] Dienstmaier | Synthesis of Well-ordered COF Monolaters: Surface Growth of Nanocrystalline Precursors versus Direct On-Surface Polycondensation[END_REF]. Boronic acid
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derivates, 1,4-benzenediboronic acid (BDBA) molecules were utilized as building blocks for formation of single layered porous COF (covalently organic framework) on HOPG which relies on thermally induced dehydration and self-condensation of BDBA monomers. First used method for formation BDBA COF is synthesis via repolymerized BDBA precursor molecules, under reversable reaction conditions as presented in Figure 1.17. a) Thermally repolymerized BDBA precursors (see scheme 2 in Figure 1.17 a) were dissolved in organic solvent and deposited by drop-casting onto freshly cleaved HOPG surface. The obtained network by STM scanning at liquid/solid interface is characterized as inefficiently extended, hexagonal structure of covalently linked monolayer forming the BDBA precursor-COF. Once the sample of precursor-COF was transferred in humid atmosphere and exposed to the higher temperature, the post-processed nanostructures were scanned by STM with absence of organic solvent where only extended, porous network was obtained, as presented in Figure 1.17 a). Therefore, as an alternative, light-induced formation of covalent C-C bond between molecules adsorbed on surfaces is a powerful method to obtain organic polymers, light-induced formation of covalent bond is not thermally-induced and does not require any catalytic role of the surface. Moreover, it can successfully promote one-dimensional and two-dimensional polymerized nanostructures that we will present in this section. The excitation of molecular adsorbates on surfaces by light could be performed in two ways: adsorbate-excitation (ADS) and hot electron attachment (HEA), both presented in Figure 1.18 [28]. The ADS photochemistry mechanism relies on direct light-excitation of electron from HOMO to LUMO state into one molecular adsorbate. The role of the substrate is only limited to the remote modification of HOMO-LUMO gap in the gas-phase of used molecules(Figure 1.18 a). This photochemical process could occur on diverse surfaces such as metals, semi-conductive and bulk-insulator surfaces due to the fact that surface's role in this process is negligible. However, second mechanism (HEA) is hot electron attachment process of photoexcited hot electron from the surface to the LUMO state of adsorbate, leading to the formation of anion photo detachment species. HEA is widely occurred on metal surfaces due to its larger optical absorption. Both processes are distinctive by required wave-length for the electron excitation that needs to be occurred: HEA is induced by higher wavelength, while the ADS require wavelength often shorter than 300 nm.

Therefore, depending of expected type of covalently bonded nanostructures on surfaces (onedimensional and two-dimensional nanostructures) the suitable choice of molecular adsorbates with specific photo-active properties, underlaying surface and wavelength of light stimuli is of crucial importance. For an instance, in order to obtain two-dimensional extended covalently bonded nanostructures by photopolymerization, the choice of molecular building-blocks needs to be directed towards molecules that successfully assemble onto surface into well-ordered twodimensional confinement.

Molecules bearing double CC and triple CC bonds are well-known for their photoactive properties. They assemble on surfaces into stabile two-dimensional networks once they are PCDA molecules self-assembled into well-ordered one-dimensional structures defined as strips that belong to the diacetylene core of PCDA molecules (outline by letter H in Figure 1.19 c), while short alkyl chains with carboxyl moiety (outline by letter S in Figure 1.19 c) and long alkyl chains (outline by letter L in Figure 1.19 c) are stretched from the later sides of diacetylene cores. UV led lamp of 254 nm was used as source for photopolymerization of the intact twodimensional PCDA structures in environment of 10 -7 Torr. The representative images of PCDA self-assembled network after polymerization are shown in Figure 1. 19 d) and e). The most striking features observed after UV exposition were one-dimensional chain-like structures that appeared higher and brighter by comparing with the PCDA nanostructures of intact network, as presented in Figure 1.19 d) and e). STM analysis of the PCDA self-assembled network by means of increased height and angle of the side chains that were observed after UV light

a) b) c) d) e)
exposition, are attributed to the polymerized diacetylene moieties which are promoted by ADS photopolymerization mechanism. This reaction of polymerization leads to morphological difference of PCDA network by means of the difference in 15.5° of PCDA alkyl chains angle with respect to conjugated moiety. test the stability of the PCDA monolayer, the sample has been observed with AFM in ambient condition. [START_REF] Deshpande | Self-Assembly and Photopolymerization of Sub-2 nm One-Dimensional Organic Nanostructures on Graphene[END_REF].

The polymerization of PCDA network on graphene surface is undoubtedly successful result for the formation of extended, covalently bonded, two-dimensional network on surface displayed by Scanning Tunneling Microscopy where the results are thoroughly screened as morphological differences once the external stimuli is applied upon intact supramolecular network.

Motivation and structure of this thesis

Over the two past decades, assembling of functional molecular building blocks on a surface has been presented as promising route toward central objectives of nanotechnology and in particular molecular electronics since it might allow atomic precision growth of electronic circuits based on the functionalities of individual molecular species. The aim of this thesis has two directions.

First, our work is focused on development of periodical and extended supramolecular networks on surfaces built-up by functional molecules in terms of deeper comprehension and elaboration of the intermolecular interactions and molecule-surface interactions that manifest among adsorbed molecular units onto surfaces. We are particularly focused on dipolar molecules due to the often-occurred effects that hinder their self-assembling into extension and periodical manner on surfaces. In such a way, we aimed to use all necessary "positive" conditions to develop extended and periodical alignment of molecular dipoles on surfaces such as: chemical nature of deposited molecule by means of its adsorption above surface plane, directionality of Hydrogen bonding, cooperative interplay between Hydrogen bonding and weaker intermolecular forces and stronger or weaker molecule-substrate interactions which depends of the choice of underlaying substrate. We expect that these presented conditions will instead of competitively but cooperatively exert their roles into formation of extended and periodical dipolar supramolecular networks.

The step-forward in this thesis is examination of stability of supramolecular nanostructures at UHV conditions and ambient conditions, by means of indirect elaboration (supramolecular network is developed in UHV system, exposed to inert atmosphere and returned into UHV system) and direct elaboration (supramolecular network is developed and monitored at ambient conditions).

Second part of the work in this thesis is focused on formation of on-surface covalently bonded nanostructures at ambient conditions in a way to circumvent high-temperature involved formation of covalent bonds which are mostly supported on metal surfaces in UHV system and to present mechanism based on mild-conditions synthesis reactions. In addition, for the first time, our aim is to explore on-surface synthesis at ambient conditions by AFM which relies on priory successful formation of extended two-dimensional networks and exposition to thermally induced on-surface synthesis or UV irradiation. For this type of investigation, we rely on work of Deshpande et al. where polymerized structures are monitored by morphological differences observed on STM images after exposition to the external stimuli [START_REF] Deshpande | Self-Assembly and Photopolymerization of Sub-2 nm One-Dimensional Organic Nanostructures on Graphene[END_REF]. Our challenging aim to follow up on-surface synthesis by AFM at ambient environment will be based on highresolution images and their comparison before and after exposition to the heating process or UV light exposition.

Therefore, the layout of this thesis is as follows:

The [2]. Indeed, these microscopies are nowadays the base of nanotechnology achievement due to their prior ability to resolve nanostructures on surfaces. Moreover, those microscopies do not only enable us to "see" atoms of substrates or arrangement of molecules but even more to image and follow up on-surface synthesis reactions for the formation of ultrathin materials on the nanoscale.

Figure 2.0

The illustration of the basic principle of local probe described as a "gentle touch of a nanofinger". The probe can be viewed as a toddler's way of profiling the "nanoworld" by revealing the atomic structure of surface [3].

In this chapter, I will present the involved experimental techniques utilized for the preparation and characterization of the interfaces of organic molecules on conductive and semi-conductive surfaces. The first part of this chapter is dedicated to the theoretical background on which STM is based on and experimental set-up that I have used in my thesis for the performance of experiments in an ultra-high vacuum environment. Moreover, the second part of this chapter describes the theoretical principle of AFM and apparatus designed to operate in ambient conditions.

Scanning Tunneling Microscopy

The principle of the STM is based on the approach of a metal tip to the conductive or semiconductive surface by applying a bias voltage between the tip and the sample (Figure 2.

1).

When the tip is closed enough to the surface (0.1-1 nm), a tunneling current is promoted through the air or insulator, depending on the working conditions and converted to a voltage by the I/V converter. The tunneling current It between the tip and the sample depends exponentially on the distance z between them, as presented in the following equation:

(2.1) I ∞Vp ρs (EF, z) × 𝑒 -2𝜅𝑧

Therefore, the exponential relation between tunneling current and distance z enables STM to obtain a high resolution to the range of 0.01 nm. The adjustment of the position of the tip in the z-direction with high accuracy is mandatory since the tunneling regime occurs only when the distance between the tip and the sample is a few Angstrom. [4].

Figure 2.1 Illustration of the working principle of STM. A bias voltage is applied between the sharp tip and the sample separated by a distance of few angstroms. The tunneling current between the tip and sample is promoted and measured. The distance control unit is adopting the position of the tip by using the piezoelectric material. Figure adapted from

The distance z between the tip and the sample is regulated with the essential building block of the STM, the piezoelectric tube. The piezoelectric tube is fabricated by ceramic materials that have the ability to contract or expand if the voltage is applied (≈ 10 A for 1 V). The construction of a piezoelectric tube is based on six electrodes and a prism-shape slider (Figure 2.1), that relies on six shear piezoelectric actuators placed in two rings around the slider. Thereby, the movement of piezo is enabled in three directions (x, y, and z) with a high precision. The prism moves only a small distance within each cycle, less than one μm. The STM tip is placed on the end of the piezo tube. The sample lies on the small supporter with six electrical spring contact for applying the voltage. The piezo electrodes, the sample support plate, and the tip possess a contact for measuring the tunneling current that occurs between them.

Experiments by STM are performed with two techniques: constant-height mode or a constantcurrent mode:

The constant current mode, used for my thesis: The sample surface topography can be retraced by comparing the position z of the tip at any time, with initial position z0 in time t0.

When the tip is approached the sample surface, the value of tunneling current I0 and position of the tip z0 are taken as references. As the surface sample is not flat, the distance between tip and sample is not constant. Thereby, the measured current is not the same as reference I0. By applying the voltage to the piezoelectric roads, automatically the value of current is adjusted by regulation loop to reference one, in order to obtain I=I0. This is the constant current mode. In this mode, the vertical position of the tip is changing compared to its initial position. This is why in recorded STM images of our experiment, protrusions will be imaged with bright contrast and depressions with dark contrast.

The constant height mode: This mode is often used for atomically flat surfaces. The tip must be maintained with a constant tip-sample distance and scan the area of interest line after line while tunneling current is registered. Indeed, due to the constant tip-sample distance, the tip can crash into the surface due to the presence of pollution or difference in surface topology.

The tunnel effect

The STM operates on the basis of the tunnel effect. In this part of the second chapter, I will present the quantum mechanics tunneling. In quantum mechanics, the electron behaves as the particle, but also it exhibits the wavelike nature. If we consider the electron as the particle with mass m and velocity v, then the sum of its energy is presented as the sum of potential energy V0 and kinetic energy:

(2.2) E = 𝑝 𝑥 2 2𝑚 + 𝑉 0 Experimental Chapter 31
where the px is the momentum of the electron. If the energy of the electron is higher than potential energy V0, the electron moves with a momentum

(2.3) px = √2𝑚(𝐸 -𝑉 0 )
When the energy of the electron is lower than potential energy, the real solution of the equation does not exist. Therefore, the electron cannot pass through the potential barrier, which is already known as the classical forbidden region. The tunneling effect of the particle is the quantummechanical phenomenon where the particle passes through the potential barrier, even if its energy is lower than the potential energy of the barrier. The tunneling effect is possible due to the wave-particle duality of the electron.

If we consider that the electron is interacting with a 1D time-independent potential barrier in the z-direction, its wave function obeys the Schrӧdinger equation:

(2.4) Eψ(z) = [- ћ 2 2𝑚 𝑑 2 𝑑𝑧 2 + 𝑉(𝑧)]ψ (z)
where ћ= h/2п is the Plank constant. [6].

Fig.2.2 The illustration of the tunneling effect of the electron with energy E in one-dimensional potential barrier with energy V0, on the z-axes. The width of the potential barrier is d. Three domains marked as I, II, III correspond to the regions of propagation wave (I), transmitted wave in the potential barrier (II) and propagation wave from another side of barrier (III). The image adapted from

The potential is equal to zero in the first and third domains of the barrier but constant in the second domain of barrier. Therefore, the solution of the Schrodinger equation for each region is given by:

(2.5) φ (z) = 𝑒 𝑖𝑘𝑧 + 𝛼𝑒 -𝑖𝑘𝑧 if (z<0) (Region 1) (2.6) φ (z) = 𝛿𝑒 𝜅𝑧 + 𝛾𝑒 -𝜅𝑧 if (0<z< d) (Region 2) (2.7) φ (z) = 𝛽𝑒 𝑖𝑘𝑧 if (z<d) (Region 3)
where 𝑘 = √2𝑚(𝑉 0 -𝐸)/ћ and α = 2m(V0-E)/ћ 2

The two types of waves exist in the illustration: propagation waves in regions 1 and 3 and impermanent wave in region 2. Electron propagates along the z-direction to the potential barrier (amplitude A1); parts of the electron are reflected and described with the amplitude B1, while some of them are transmitted into the barrier in the region 2, as the transient wave. The transmitted electron from the barrier propagates into the other side of the barrier (described with amplitude A3). We can define the tunneling probability of the electron passing through the potential barrier as modulus squared of the ratio of transmitted and reflected wave functions as:

(2.1) 𝑇 = |𝐴 3 | 2 |𝐴 1 | 2
On the |𝐴 1 | and |𝐴 3 | we can imply continuous conditions of the barrier at x= 0 and x= d.

(2.2) 𝑇 = |𝛽| 2 = 1 1+ (𝑘 2 +𝛼 2 ) 2 4𝑘 2 𝛼 2 𝑠𝑖𝑛ℎ 2 (𝛼𝑑)
If we simplify the equation with function sinh (u) =

𝑒 𝑢 -𝑒 -𝑢 2
The transmission probability depends on the variable k that can be interpreted as the penetration depth of the electron into the barrier. If we assume that this length or depth is much larger than electron potential depth (d<<1/k), the equation can be simplified as:

(2.3) T= 16𝑘 2 𝛼 2 (𝜅 2 + 𝛼 2 ) 2 𝑒 (-2𝛼𝑑)
Equation 2.3 enhances that transmission probability decrease exponentially with the barrier width d.

The Tunnelling current models

Regarding the working principle of STM, the tunneling current occurs when the bias voltage is applied from the tip towards the surface and vice versa. In that case, the tip and the sample could be considered as two metal electrodes, and the potential barrier is the environment on which STM works (ultrahigh vacuum or air conditions).

The tunneling current is considered as an electron traveling from the metal electrode (the sample) to another electrode (tip). The probability of an electron from n-state of the sample to tunnel through the vacuum to the tip, at the distance z, can be presented as:

(2.4) P ∞ T (En)×|𝜓 𝑛 (0)| 2 𝑒 -2𝜅𝑧
where the coefficient κ is declared as:

(2.5) 𝜅 = √ 2𝑚 ћ 2 (𝑉 0 -𝐸) ≈ √ 2𝑚〈𝑊〉 ћ 2
and where the constant W represents average work function of the tip and the sample, presented as 〈𝑊〉=

𝛷 𝑠 +𝛷 𝑡 2 .
Therefore, work function for metal is around 5 eV and tunneling regime is promoted for a typical distance Z≈ 1/2κ = 5Ǻ.

The Pauli's exclusion Principle outlaws that two electrons occupy the same quantum state. In the case of the tip and the sample, an electron from a tip cannot tunnel to occupied levels of the sample but must reach unoccupied states (occurs in inverse direction). This is a reason for imposing bias voltage (V≠0) between tip and sample. Consequently, the shift of Fermi level of the tip is promoted by energy eV, with respect to the Fermi level of the sample, vice versa. All the electrons with energy between EF and EF + eV, can tunnel from the tip to the sample and inverse (Figure 2.3). For a negative applied bias voltage, the electrons tunnel from the filled states of the sample toward unoccupied states of the tip. The direction of the electrons is opposite when the applied voltage is positive.

Figure 2.3 The scheme of the sample (metal)-vacuum-tip (metal) transfer junction: a) positive bias voltage promote the electron transfer from the filled states of the tip towards the empty states of the sample; b) negative bias voltage promote the electron transfer from the filled states

of the sample towards empty states of the tip. Image adapted from [7].

Therefore, the tunneling current is presented as the sum of the individual probabilities:

(2.6) I ∞ e ∑ |𝜓 𝑛 (𝑧 = 0)| 2 𝐸 𝐹 +𝑒𝑉 𝑝 𝐸 𝑛=𝐸 𝐹 ×𝑒 -2𝜅𝑧
Local density of state (LDOS) is a physical quantity that describes the space resolved density of state, which means it allocates the space-resolved number of electrons per unit volume per unit energy at a given energy. If we assume that we apply a small voltage between tip and sample, the Local Density of State (LDOS, ρs) at the Fermi level will be:

(2.7) 𝜌 𝑠 (𝐸 𝐹, 𝑧) = The previous equation presents tunneling current between the tip and the sample, which depends exponentially on the distance between them. This fact makes the scanning tunneling microscopy very sensitive to the corrugation of the surface density.

To evaluate precisely the tunneling current, it was necessary to take in consideration the electron-electron interaction. Therefore, the Bardeen's approach is explaining tunneling between two superconductive systems separated with oxide barrier. He considers both electrodes (tip and sample) independent systems constituted by many-body sub-systems. Therefore, it was essential approach to approximate scattering rates over all electron states of the sample and the tip. The tunneling current can be represented according to the "Fermi's golden rule":

(2.9

) I = 2п𝑒 ћ ∑ 𝑓(𝐸 𝜇 𝜇,𝜈 )[1 -𝑓(𝐸 𝜈 + 𝑒𝑉)] |𝑀| 𝜇,𝜈 2 δ (𝐸 𝜇 -𝐸 𝑣 )
where eV is the applied bias voltage, 𝑓(𝐸)

= 1 1+𝑒𝑥𝑝( 𝐸-𝐸 𝐹 𝑘 𝐵 𝑇 )
is the Fermi-Dirac function that present the probability of an electron occupying the energy E, at temperature T, and 𝐸 𝐹 is the Fermi level.

The Bardeen approach applies time-dependent perturbation theory [8] based on matrix element M𝜇, 𝜈. The tunneling Matrix element corresponds to the transition between states ѱ 𝜈 of the tip and ѱ 𝜇 of the surface. It can be demonstrated by a surface integral on a separation surface S between the states of the tip 𝜓 𝜈 and the states of the surface 𝜓 𝜇 :

(2.10) Mμ,ν= -

ћ 2 2𝑚 ∫(𝜓 𝜇 * 𝛻𝜓 𝜈 -𝜓 𝜈 𝛻𝜓 𝜇 * )
where S is the separating surface between the tip and the sample. The role of tunneling Matrix is to quantify the tunneling probability between the states of the sample and the tip.

However, the equation above doesn't propose any spatial dependence of the tunneling current or any consideration regarding the tip shape. It is upgraded by J. Tersoff and D.R. Hamann model [9], (Figure 2.4) which takes into consideration the spherical tip approximation, defined by radius of curvature R, center r0 and the tip-sample distance. In that case, the tip is modelled as a radially symmetric wave function and also evaluating the matrix element only for an swave tip wave function. If the low bias voltage and low temperature are taken in consideration, thus the tunneling current is: (2.12) I ∞ 𝑒 -𝑘𝑑 ∫ 𝜌 𝑣 𝑒𝑉 0

(2.11) I= 32п 3 ћ 𝑒 2 𝑉𝐷 𝑡 (𝐸 𝐹 )𝑅 2 𝜑 2 𝑘 -4 𝑒 2𝑘𝑅 𝜌 𝑠 (𝑟 0 ⃗⃗⃗ , 𝐸 𝐹 )

(ε)dε

The tunneling current is proportional to the LDOS of the sample assessed at the position of the center of the tip curvature at the Fermi level. The UHV conditions are achieved after baking-out all the systems at the temperature of around 135°C for 24 hours. In order to reach a low base pressure UHV chambers, the system consists of three different types of pumps, all of them purchased from Agilent Inc. The first one, a rotary vane pump, Figure 2.5 a), reduces the ambient pressure until 10 -3 mbar. In addition, a rotary vane pump is connected to a turbomolecular pump, Figure 2.5 b), which allows reducing pressure from 10 -3 until 10 -10 mbar. The main issue with the turbomolecular pump is that it operates at a high frequency that provides mechanical noise, which can interrupt STM measurements. Often, both of them are shut down during scanning. The third pump is the ionic pump, Figure 2.5 c), which maintains the pressure around 10 -10 mbar during STM experiments, Experimental Chapter 36 without inducing mechanical noise. In this pump, a high voltage field is introduced between two electrodes, which lead to electron emission. Electrodes are made of titanium. A magnetic field is generated and provides helical trajectories for the electrons. The helical trajectories enable efficient collisions between the electrons, atoms, and molecules of inside chamber gas. Due to the collision, the gas molecules are ionized and "glued" on the electrodes. This process leads to a reduction in pressure. For example, if there are molecules of oxygen in the chamber, the titanium oxide will be formed on the electrode of titanium. In the ultra-high vacuum, the metal surface has its own "lifetime," so it is expected that titanium electrodes will be wasted.

STM experimental Set-Ups in UHV environment

In that case, Titanium Sublimation Pump (TSP) has a role in increasing the speed of the ionic pump. Due to TSP, evaporation of titanium atoms is enabled. Thus, the collision of gas molecules inside the chamber and titanium atoms is promoted and glued to titanium electrodes. The evaporation of titanium atoms is repeated every eight hours in our experimental setup. The ultrahigh vacuum experimental set up consists of two chambers, interconnected. The first chamber is the STM chamber, and the second one is the preparation chamber, both separated by the presence of the valve, which has a role in preventing pollution inside the STM chamber. The preparation chamber is equipped with standard components for cleaning the sample, such as sputtering ion gun (Omicron Technology) three-axis manipulator and wobble stick. Once entered by magnetic z translator from ex situ, the sample is transferred by wobble stick onto sample holder which is placed on mechanical x, y, z, ϴ manipulator. The transfer of sample and tip, between two chambers, is enabled by another magnetic manipulator. Addition role of the magnetic manipulator is to introduce sample or tip from ex-situ by a load-lock. All STM experiments are performed in first STM chamber. The STM chamber is equipped with Scanning Tunneling Microscopy placed in the STM head (Omicron Matrix + AFM Q-plus), wobble stick, facilities to perform LEED (MPC2-Spectraleed of Omicron), the molecular evaporator (UHV evaporator TCE-BSC of Kentax) and tantalum sheet in order to clean the tip.

Figure 2.6 Image of VT-STM-UHV set-up: STM chamber (1) and preparation chamber (2) with addition facilities: transfer metallic rod, air lock, ion sputtering source, wobble stick, tantalum sheet for flashing the tip and N2 liquid cryostat.

The prepared sample is transferred by a magnetic translator from the preparation chamber to the STM chamber and placed on the mechanical arm. Furthermore, the sample is transferred to the STM head by a wobble stick.

Substrates for the experiments in VT-UHV-STM

• Conductive substrate: Gold Au (111)

In the Chapter 3 of this thesis, the experiments were performed on a reconstructed, Au (111) 22x√3 single crystal substrate. The gold crystalizes in a faced cubic structure (fcc) but the atoms of the Au (111) substrate's surface are rearranged in the comparison with the atoms in the bulk, due to the minimization of the surface energy. The rearrangement occurs due to the contraction, in the [11 ̅ 0] direction where the distance between 23 atoms of the last surface's layer is equal to the distance between 22 atoms in the bulk of the substrate [11]. The contraction induces a shift in the [112 ̅ ] direction, perpendicular to the [11 ̅ 0], which cause the hcp domains alternating with fcc domains. In this way, a periodic structure with a rectangular unit cell of 22x√3 is obtained. The alternation of the fcc and hcp domains are observed on the surface as "herringbone" reconstruction due to the height difference of the surface atoms. The height gold atoms are placed in the bridge site at the hcp-fcc interface and the lowest are observed in the hcp domains. The cleaning of the Au(111) surface is performed in the preparation chamber, under UHV condition. First, the substrate was exhibited under Ar + ions sputtering from the Ion source gun. The sputtering was operated by the beam energy of 3kV, during 20 minutes and the target current of 11 μA with the pressure of 2.3 x 10 -6 mbar. After the sputtering procedure is finished, the substrate was annealed until 450°C during 15 minutes. This procedure is performed for two times. The cleanness of the Au(111) surface was analyzed after each circle of sputtering and annealing.

• Semi-conductive substrat : Si(111)-B √3 x √3 R30°

In the chapter 3 of this thesis, molecular deposition was performed on semi-conductive, passivated silicon surface: Si (111)-B √3 x √3R30° which is doped by boron atoms. 111) is presented by blue rhombus on the top right part of image, marked as 1×1 with a lattice constant of 0.384 nm, while the yellow rhombus marked √3×√3 presents the element lattice of reconstructed Si(111)-B with a lattice constant of 0.665 nm, adapted from [7]. c) Side view showing the position of diffused boron atoms (site S5) underneath the site T4 of the first layer silicon [13].

The procedure to obtain this surface is done in controlled ultra-high vacuum environment which include: careful degassing of the sample at as much as possible lower pressure until 700 °C in order to remove pollution, flashing the sample until 1150 °C for several time and annealing of the sample at 850 °C for 45 minutes. During procedure of the annealing, the boron atoms were diffusing from the bulk upon the surface layer. With the careful control of the annealing temperature and the time, a maximum boron concentration could be achieved in 1/3 range of the monolayer. The Si(111)-B √3 x √3R30° surface possess the element lattice rotated by the angle of 30 ° compared to the primitive Si(111) lattice. The constant of the lattice is increased by the factor of √3, regarding to the lattice constant of Si(111).

Tip preparation for VT-UHV-STM experimental setup

The tip is probably the most crucial element in obtaining atomic resolution in STM. Ideally, the tip should be ultra-sharp, which means to possess a single atom on its apex. The tip used for experiments is made of a W (tungsten) wire with a diameter of 0.20 mm. Therefore, electrochemical etching is the choice for the preparation method [14]. After cutting several millimeters long piece of W (tungsten) wire, we connect it on golden tip supporter, by applying current. Furthermore, the tip on a tip supporter is placed onto the platinum electrode. As shown in a Figure 2.9, the leading end of the tip is immersed vertically in 5 mol/L NaOH solution, which has the role of an electrolyte. In order to provide an electrochemical reaction, we set the source to 10 V potential difference, and the closed electric circuit is enabled. The corresponding half-reactions occurs on cathode and anode are:

Anode: W(s) + 8OH - WO4 2-+ 4H20 + 4e- Cathode: 6H20 + e- 3H2 (g) + 6OH -
The tungsten wire is getting thinner while it is continuously transforming to soluble WO4 2-until the lower part of the wire breaks off. The presented drop-off method enables sharp tip shape, which needs to be purified in warm water for 30 seconds before introducing it in UHV. Furthermore, the tip is introduced in the UHV/preparation chamber by load lock from ex-situ and annealed above 1050 K in order to remove the tungsten trioxide layer.

Evaporation system

The deposition of molecules on surfaces has been achieved by the molecular evaporator system. The molecules in a powder-solid state are placed into quartz crucibles. The evaporator I have used for my thesis consists of three quartz crucibles in order to keep three different kinds of molecules for our investigation. A filament surrounds each crucible. A controlled current applied through filaments is leading to the gradual heating of powder. A thermocouple is also included in the evaporation system, and it monitors the temperature of molecules inside the crucibles. Also, in every process of evaporation of molecules, the cooling water system has a role in avoiding of overheating adjacent crucibles. At the temperature of sublimation, molecules change their solid-state phase to the gas state phase, which leads to deposition on a surface. The evaporation system enables to deposit molecules on a surface in a range of submonolayer to several layer coverage. Besides, the thermocouple has a role in controlling the temperature of deposit, which allows homogeneous deposition of molecules with high reproducibility.

Atomic Force Microscope

The experimental advances enabled possibilities to resolve high-resolution images and in 1994 year the true atomic resolution on Si(111)-(7x7) was revealed by AFM [17]. The invention of AFM has overcome the limitation of STM and enabled imagining solid material without the condition of surface conductivity, such as biological samples and polymers. The principle of AFM is based on the measuring the forces between an AFM tip, which is mounted on a flexible cantilever, and the sample's surface under investigation, as the function of their mutual separation. Interaction between AFM tip and sample can be easily explained by Lenard-Jones potential [11] which is used to represent the interaction between two non-charged atoms separated by distance r: where the ε is the depth of the potential well, and σ is the finite distance at which the interparticle potential is zero. The r -12 term corresponds to Pauli repulsion at short ranges, which occurs when the electron orbitals of two particles overlap. The r -6 term describes attraction forces (Van der Waals or dispersion force) at long ranges. 

Figure 2.12 The illustration of principle of scanning with AFM. The AFM tip is very close to the sample's surface (5-tip mounted on the cantilever, 7-sample's surface). The interaction between tip and sample's surface is explained by bending of the cantilever due to tip-surface interaction. The laser beam is set initially by laser aim adjustment (13 and 14). It starts from photodiode (1) and it pass through collimator (2) and lenses (3) until it falls on the cantilever.

The laser beam is reflected from the cantilever to the adjustable detector mirror (9) and fixed mirror (10) and goes towards the laser beam splitter (11) to the final destination, quad photodetector (12). The signal from the quad photodetector is sent by feedback loop to the PC controller that adjust piezo-tube (6) to perform motion in order to keep distance/amplitude (depending of mode) between tip and sample constant.

When the cantilever interacts with the surface (bend or deflect due to attractive or repulsive forces), consequently the position of the laser beam on detector changes. The variation of the direction of the laser is recorded on a quad-photodetector. A quad-photodetector consists of four segments (segments A, B, C, and D), where each of them generates a voltage signal once the laser spot is reflected. The voltage that is generated from each segment is proportional to the amount of laser light on a particular segment, and the sum of voltage from all four segments is called a SUM signal. The difference between two top segments and two bottom segments is Vertical Deflection Signal and difference between the two left signals and two right signals is Lateral Deflection, which provides a measure of the torsion in the cantilever. In this way, the three-dimensional image is recorded. The AFM technique is supported by a feedback loop, the system that facilitates keeping the constant interaction between tip and sample's surface, in the sense of keeping the vertical deflection or amplitude constant, depending which AFM mode is used. The input of the system is either defined as Deflection Setpoint or Amplitude Setpoint. In the simplest way, the difference between deflection setpoint (and actual defection that represents the output of the system) is measured as an error. This error is contributed as gain (or signal) to control the Z drive of the scanner that will return cantilever motion (deflection or amplitude) constant as the tip trace the surface.

The AFM operates in three primary modes:

• Contact Mode AFM • Non-contact mode AFM • Tapping Mode 2.3.1 Contact Mode AFM
The Contact mode works in a repulsive regime of Lenard-Jones potential. The AFM tip is attached to the end of the cantilever with low spring constant (0.02 -10 N/m), which plays the role of the force transducer. The tip is gently tracing the surface and the interaction between the tip and the sample cause the deflection of the cantilever. If we assume that that the deflection of the cantilever is ∆ z and the spring constant of the cantilever is k, then the interaction force can be given as Hook's law:

(2.14) 𝐹 = -𝑘Δ𝑧

In contact AFM mode, the height of the probe is kept constant, so the deflection of cantilever remains constant. The constant deflection of the cantilever is defined as an input-set point of deflection for the system. If the AFM tip scan surface elevation, the distance between tip and surface will decrease, and subsequently, the magnitude of repulsive force will increase, which will lead to the increase of deflection of the cantilever. Moreover, the consequence is that the laser spot which earlier was falling in the reference location corresponding to the deflection set point will fall on another place on the photodiode. The difference between the two signals is sent to the feedback amplifier, which will apply a voltage to the piezo scanner in order to increase the distance between tip and sample, respectively, to reproduce the constant force between tip and sample. The voltage that the feedback circuit implies to the piezo corresponds to the height of features on the example. In such a way, the constant force bends or retract the cantilever to accommodate changes in topography.

Non-contact mode

The NC-AFM (non-contact AFM mode) was primarily developed for sample imaging in UHV (Ultrahigh vacuum). By comparing with the contact mode, the tip doesn't enter in direct contact with the surface but vibrates stiff cantilever near it's the resonant frequency. The AFM probe in non-contact mode is placed far from the surface (50-50 000 Angstrom) by which remains sensitive to long-range forces, precisely for the forces in Attractive Regime of Van der Waals interactions.

The non-contact mode requires the vibration of the cantilever by the piezoelectric element. The cantilever responds on excitation of piezoelectric element by oscillating with amplitude A0 that depend on the frequency. This mode works on the basic of self-driven oscillating of the cantilever by resonance frequency of oscillation f0 which depends on its geometry in the absence of any applied external driven force. The cantilever deflection itself is an input signal for feedback system. When the external force 𝐹 is applied on the cantilever, the resonance angular frequency becomes:

(2.15) 𝜔 0 = √ 𝑘-𝜕𝐹 𝜕𝑧 𝑚
where m is the mass of the oscillator (tip/cantilever system), k is the stiffness of cantilever, and z is the distance between the tip and sample's surface. For the values of very small applied force, the tip/cantilever system will lead to a change in the resonance frequency (attractive force: will decrease and repulsive force: will increase).

The non-contact AFM mode can operate by two basic principles: constant amplitude mode and constant excitation mode.

• If the cantilever is excited by a constant frequency (forced oscillation due to the drive frequency fd) and it oscillates near the sample's surface, the tip-sample interaction will modify the resonant frequency, which will be different by comparing it with the frequency f0' of oscillation without applied external force. Thus, the actual value of the frequency depends on the distance between the tip and the sample's surface and the oscillation amplitude. In this case, the difference in the amplitude of vibration can be detected which needs to remain constant. The schematic diagram is presented in Figure 2.13 where the curve, filled line present the resonance curve of the cantilever in the absence of any applied force and the dotted curve line present the resonance curve when the attractive force is applied on it. The measure determinate element is the frequency shift ∆f, which is defined as a difference between resonant frequency altered by tipsample interaction and frequency of free oscillation (∆f= f0-f0'). The frequency shift is used to control tip-sample distance in order to promote a constant shift in resonant frequency, that can be related to the surface topography.

Figure 2.13 Schematic representation of the oscillation of the cantilever in the absence of the applied force (f0') and in the presence of applied force due to sample-tip interaction (f0).

The amplitude of the oscillation can be detected (∆A) due to the difference in the oscillation. Image adapted from [20].

• In the constant excitation mode, the cantilever oscillates at its free frequency. While interacting with a force from the surface, the frequency of oscillation will be altered, which leads to the fact that the difference in resonant frequency caused by interaction can be detected. As the system is keeping constant variation of frequency, it changes the tip and sample's surface distance.

Tapping Mode (Intermitted Contact Mode)

Tapping AFM mode presents a key advance in AFM due to its ability to provide high-resolution imaging without inducing lateral forces that often occurred in contact mode techniques. Therefore, the soft and fragile sample's surfaces can be imaged with this mode successfully. Tapping Mode AFM functionalizes when the cantilever oscillates at or near its resonant frequency, which is promoted by the piezo-electrical scanner element, and regularly taps the sample's surface during its oscillation. This mode is based on measuring the change of the oscillation amplitude between the driving signal and the resulting cantilever's motion. The actual value of the oscillation amplitude is employed as the measure of the tip-sample distance.

The motion of piezo causes the cantilever to oscillate with a free, high amplitude when the tip in not in the contact with the surface (10-100 nm above it) until it begins to tap the surface. The free amplitude of cantilever's oscillation is an input signal for the feedback system. As the oscillating cantilever begins to tap the surface, the amplitude of the cantilever is being truncated due to energy loss caused by tip contacting the surface. The difference in topography of the sample's surface cause further increasing and decreasing the amplitude of oscillation depending if the surface contains elevation or dents. Consequently, on the photodiode, the amplitude of cantilever gets truncated (height on topography) or increased (dents on the sample's surface), which present the output signal for the feedback system. The selection of oscillation frequency is software assisted, and the force that is applied between tip and sample is set and maintained constant is at the possible lowest level. Therefore, the feedback loop system will adjust the tipsample distance in such a way to remain amplitude constant. However, this mode is very different from Tapping Mode due to the fact that cantilever oscillates well below its resonant frequency avoiding the effect and dynamics of a resonant system. This mode, in comparison with standard Tapping Mode, controls the maximum force (peak force) between the tip and the sample in every pixel of the image. The Peak force is presented as a signal for the feedback system, which forces the z-piezo to retract and, like that, obtain topography of the sample. The general operation is illustrated in the Figure 2.15 that represents the "Heartbeat" of Peak Force Tapping Mode. The probe is oscillating 300 nm above the surface, and it is not in contact with the sample (position A in Deformation: This value measures the deformability of the sample. The maximum deformation can be measured by subtracting the position of the tip when it is approaching towards the surface, and the force is zero from the position of the tip when the peak force is reached. In the Figure 2.17, we can distinguish immunoglobulin antibodies adsorbed on mica on deformation image. The deformation of the antibodies is much larger than the mica surface under the same applied force.

Experimental Chapter 48 Adhesion: The maximum adhesion force is extracted in point when the tip is detached from the sample, and adhesion image is gained in the domain of the FD curve between maximum adhesion force and when the tip is off the sample. Adhesion can include a range of electrostatic forces, capillarity forces, and van der Walls interaction. In the Figure 2.17, the adhesion image reveals immunoglobulin antibodies that possess lower adhesion than mica substrate. where Vtip presents the Poisson's ratio of the tip, the sample presents the Poison's ratio of the sample. The Etip presents the tip's elastic modulus, and the Esample presents the sample's elastic modulus. This equation gives us the possibility to calculate Esample if we assume that tip modulus Etip is infinitely large with a known value of Vsample and Vtip. Figure 2.17 represents modulus image with immunoglobulin antibodies Dissipation: Dissipation is defined as the loss of energy in one cycle between approaching and retracting processes. The work of adhesion and deformation mostly cause the energy loss. Therefore, in the FD curve, the hysteresis colored with the yellow area between reds blue lines represent dissipation. 

Each graphene plane consists of carbon atoms arranged in the repetition of the hexagonal crystal cells. In the single plane, each carbon atom is covalently bonded to another three carbon atoms. These bonds are strong within neighboring distance of 0.1423 nm. However, the strength of the bonds between the atom in each place, distances by 0.335 nm, are considerably weaker, due to the more significant distance between them. The angular spread between the graphite sheets is less than 1 ° making it high quality for the research [10].

Spin coating

Spin coating is the experimental technique that is used to produce thin films, ultrathin films, and nanostructures upon substrates. This technique has been used for the deposition of organic molecules and the formation of organic monolayers upon substrates that we had studied by Atomic Force Microscopy in ambient conditions. The process of spin coating involves the deposition of a very low concentration of the solution of organic molecules on the stationary substrates. The substrate itself is fixed under vacuum, and it starts to rotate with quick acceleration to a very high angular velocity. As the substrate is rotating, the centrifugal force is created, which causes the solution to spread across the substrate, and a considerable amount of the solution is expelled from the surface altogether. Chapter 3

3 STM study of the self-assembly of dipolar molecules on the Au(111) and the Si(111)-B surfaces

The fabrication of perfectly ordered monolayered materials containing highly-dipolar molecules has been deeply investigated since the two last decades, due to their appealing properties that could be exploited in a broad range of applications such as random access memories, capacitators, sensors and microactuators [1]- [3]. In that context, monolayer supramolecular networks based on self-assembly of tailored dipolar molecules on different kinds of surfaces present the promising pathway to the development of nanostructures with atomically precise organization. Non-covalent interactions such as Hydrogen bonds, Van der Waals interaction, dipole-dipole interaction, electrostatic interaction, metal-organic bond, etc., cooperatively or competitively exert their roles in the self-assembly and stabilization of formed supramolecular structures. Among them, the dipole-dipole interaction has triggered a great interest into self-assemblies of dipolar molecules on the surfaces due to its ability to prevalently leads to the formation of supramolecular network with periodic alignment (parallel or antiparallel) of the permanent dipoles of molecules. However, the dipole-dipole interaction is often weaker than the other molecule-molecule or molecule-surface interactions and therefore require to be used as collaborative interaction with another non-covalent intermolecular interactions or molecule-surface interactions in order to provide the formation of extended supramolecular networks based on periodic alignment of dipolar molecules [4].

The successful development of extended, supramolecular network with dipolar molecules as a building blocks on metal surfaces has been reported at very few occasions in literature [5], [6]. Indeed, on metallic surfaces the adsorption of dipolar molecules scarcely leads to the formation of highly extended two-dimensional networks but prevalently to the formation of small supramolecular islands, multiple domains, one-dimensional and two-dimensional chains, highly dispersed nanostructures or clusters. The problematic of this topic relies on the magnitude and nature of the metal-molecule interaction where in the most of the cases from the brief review above, repulsion interaction between the dipolar molecules is resulted by charge redistribution between the interface of the molecule and in the most of the cases, coinage metal surfaces. In addition, molecules were observed to arrange their dipoles perpendicular to the metal surface, within the surface plane or in domains with parallel or with 90° dipole alignment which rarely assume the lowest electrostatic energy of molecular configuration on surfaces [7]- [10]. All discussed factors contribute to the limitation of dipolar-dipolar interaction in the selfassembly process and seriously restrain the creation of a periodic network on metal surfaces.

Despite of its promising interest, a few examples of successful adsorption of dipolar molecules on Si based surfaces is reported. For an instance, in work of Harikumar et al. [11], the dipolar STM study of the self-assembly of dipolar molecules on the Au(111) and the Si(111)-B surfaces 54 molecules on Si(100) surface were adsorbed, yet in the formation of one-dimensional chains up to 10 nanometers with periodic alignment of dipolar molecules, as presented in Figure 3.1. However, the previously described alignment of molecular dipoles wasn't governed by intermolecular dipole-dipole interaction but by a template effect of Si(100) surface due to the dipole-induced charge transfer once the molecules were adsorbed on the surface and prolonged attaching the dipolar molecules in a successive manner. [11].

Here in this chapter, we investigate the self-assembly of dipolar molecules on Au(111) and Si(111)-B surfaces, expecting to obtain highly periodic and extended two-dimensional The molecule, LdipCC, that possess two lateral alkyl chains is the subject of our interest since there are various examples that present the alkyl chains as the part of molecules that interdigitate with each other in the self-assembled networks, and thus facilitate anchoring molecules on the surfaces and dense packing, which is favored in thermodynamics of the self-assembling. However, the size of propyloxy chains is short enough to circumvent strong Van der Waals interaction between molecules and to permit the formation of ordered network that exploit molecular dipole-like features that will be govern by intermolecular interactions or moleculesurface interaction with a collaborative role of dipole-dipole interaction.

In this chapter, we present the experimental study of self-assembling of LdipCC molecules on the Au(111) and Si(111)-B surfaces, supported by theoretical study, DFT and STM simulations.

The permanent dipolar moment of gas phase LdipCC molecule is initially calculated by semiempirical computational method (AM1 included in Gaussian package) with the value of around 4.5 D which refers to the strong dipolar moment and used as reference point for the experimental The Density Functional Theory (DFT) calculations were carried out at T = 0 K with NWChem6 and Siesta packages, and the results were visualized with the Chimera software7 [14], [15]. With NWChem, we used the generalized gradient approximation using the PBE0 functional8 and include energy correction for the Van der Waals interactions. We 3.1 STM study of self-assembly of dipolar LdipCC molecules on Au(111) surface under UHV and an inert-atmosphere

In this section we investigate the development of 2D-extended supramolecular network with periodic arrangement of dipoles on an Au(111) surface by using molecules that possess functional groups which can be involved as electron donor or acceptor (for the dipole) and as donor or acceptor of Hydrogen bond that could lead molecular arrangement in aligned manner on surface. The choice of Au(111) surface was intended due to the fact that Au(111) surface is known as inert surface among others and do no strongly interact with adsorbed molecules. Thereby, we expect that dipole-dipole interaction and intermolecular interaction will be collaborative rather than competitive in the further presented self-assembling. The interposed molecules, colored in blue color in the LdipCC adlayer molecular model, grew the self-assembling in a different direction regarding the direction of molecular rows and presented the starting point for the extension of the supramolecular network towards the twodimension. The interposed molecules are oriented with their cyano terminal towards the two successive molecules in the row, as shown in the inset of Figure 3.8. The distances between nitrogen atom of cyano group and two H atoms, one being of a phenyl ring and the other one from methoxy group (double white ellipse, inset of Figure 3.8) are 0.22 nm (bifurcated Hydrogen bond). The distance between nitrogen atom of cyano group and H atom of phenyl ring (dashed white ellipse, inset of Figure 3.8) is 0.39 nm ("simple" Hydrogen bond with one proton acceptor). Therefore, both distances correspond to the presence of Hydrogen bonds [16].

STM study of the self-assembly of dipolar molecules on the Au(111) and the Si(111)-B surfaces 62 STM study of the self-assembly of dipolar molecules on the Au(111) and the Si(111)-B surfaces 64 assembled network consisted of three molecules where two of them are aligned in antiparallel fashion of dimers (two yellow molecules) and the third, vertically interposed molecule (blue molecule). Hydrogen bonds are stabilizing the molecular arrangement into the elemental cell, which originates from the 0.2 nm of the distance between C-H of aromatics group, that belongs to the vertically interposed molecule, and Oxygen atom of methoxy moiety and the Nitrogen atom of Cyano moiety, which belongs to two parallel molecules, respectively [16].

Figure 3.11 a) Proposed molecular model of the LdipCC adlayer of unit cell. Vertical LdipCC molecules are highlighted in blue in the adsorption model. The white ellipses surround the Hydrogen bonds of the type CH•••O (labelled with 1) and CH•••N (labelled with 2) between molecules. b) Proposed molecular model of LdipCC adlayer presenting three bordered unit cells. The white dashed rectangle (labelled with 3) highlights the Van der Waals interaction between two interdigitated alkyl chains. The white square (labelled 4) surrounds the two Hydrogen bonds between two cyanophenyl moieties of two aligned molecules.

The second section (right panel) presents three adjacent elemental cells bordered by blue lines of three parallelograms. The intermolecular interaction between two adjacent elemental cells of LdipCC supramolecular network originates from the interdigitation between two side propyloxy chains (labelled with white dashed rectangular and numerated by number 3 in the model of Figure 3.11). On account of the interdigitation of propyloxy chains, we can identify Van der Waals interaction as the force which stabilize two adjacent elemental cells. In addition, on the interface of the border of two adjacent elemental cells two aligned LdipCC molecules originate from two adjacent elemental cells. They are arranged into the antiparallel configuration, directed with cyano moieties towards each other (molecules highlighted by yellow color) and presented in Figure 3.12. The distances between two Hydrogen atoms of aromatic rings and Nitrogen atoms of cyano groups are 0.29 nm. This distance is in agreement with the presence of Hydrogen bond [16]. Deeper inspection of self-assembled monolayer network elucidates that LdipCC molecules, arranged in the formation of dimers with their It is noticeable that the vertically interposed molecules in elemental cell is enabled to adopt conformation of its methoxy group "up" (Figure 3.10) and conformation of its methoxy group "down" (Figure 3.13), but in the both cases oriented contrary from the cyano group of adjacent molecules in the row. However, in both configurations, supramolecular interactions are identical to those leading to model described in Fig. 3.11 justifying why these two conformations are randomly observed. Indeed, the formed extended and compact supramolecular network of dipolar LdipCC molecules on the Au(111) is stabilized due to the presence of Hydrogen bonds and Van der Walls interaction which are studied by HR STM images and adsorption models of LdipCC/Au(111) adlayer of supramolecular organization on Au(111) surface.

The stability of formed two-dimensional network of dipolar LdipCC molecules on the Au(111) surface under an inert atmosphere

The fabrication of the monolayer supramolecular self-assemblies which are stabilised by noncovalent interactions and achieved under ultra-high vacuum are rarely stable under ambient conditions [17]. In the case of extended and two-dimensional supramolecular network built up by dipolar molecules on metal surfaces, it strongly narrows possibility for investigation of their properties that could be applied in nanodevices. STM study of the self-assembly of dipolar molecules on the Au(111) and the Si(111)-B surfaces 67 characterised as periodic supramolecular network, we exposed the sample to 1 bar of nitrogen pressure during 5 minutes at room temperature. The exposition to the 1 bar of nitrogen pressure was performed in load-lock facility which separate the STM ultra high-vacuum system from the ex-situ. Then the sample was introduced in UHV without further treatment (thermal annealing) and scanned by STM at room temperature. The corresponding STM image of the supramolecular network of dipolar molecules which was exposed to the nitrogen pressure of 1 bar is elucidated in Figure 3.14 a). The cross-shape of each LdipCC molecule is still visible. The comparison of the STM images in Fig. 3.10 a) and Fig. 3.14 a) shows that self-assembled network of LdipCC molecules is not modified either by this exposure to nitrogen. The supramolecular arrangement observed previously is robust and strong enough to overcome the exposition under nitrogen pressure of 1 bar. Indeed, vectors: 𝒖 ⃗ ⃗ (|𝒖 ⃗ ⃗ |= 3.57 nm) and and 𝒗 ⃗ ⃗ (|𝒗 ⃗ ⃗ |= 2.47 nm), still describe the unit cell of the network which is presented in figure 3.10. Large scale size STM image of monolayer of LdipCC molecules scanned after exposition of an inert atmosphere reveals the presence of disordered domains bordered by white, dashed boundaries. However, the presence of these domains is not contributed to the exposition of nitrogen pressure, but to the local defects and sparely observed multiple domains which were present in a monolayer LdipCC network on the Au(111) surface even before exposition to the nitrogen pressure. Therefore, the moleculemolecule interactions, mostly pre-dominated by role of Hydrogen bond, that stabilise selfassembled network of LdipCC molecules on the Au(111) surface, are strong enough to preserve the robustness and stability of supramolecular network of dipolar LdipCC molecules under inert-atmosphere.

STM study of self-assembly of dipolar LdipCC molecules on Si(111)-B surface

The formation of two-dimensional and extended supramolecular structures with aligned dipolar moments on surfaces is in deficiency among reported literature, yet the periodic alignment of dipolar molecules in restricted extension on Si(100)-2x1 surface is reported in the work of Harikumar et al. [11]. It appears that current lack in obtaining periodically aligned dipolar molecules on surfaces relies on molecule-surface interaction that in the most of the cases perform repulsion electrostatic interaction hindering the two-dimensional and periodical dipolar alignment. Motivated by extended supramolecular network based on dipolar LdipCC molecules which is obtained on Au(111)-surface (section 3.1), we examine the self-assembly and formation of extended supramolecular network built-up by same building blocks (LdipCC molecules) on Si(111)-B surface. By using Si(111)-B surface, the obstacles of reactive semiconductive surface are circumvented due to the saturation of the dangling bonds of silicon adatoms by underneath boron atoms which make less reactive silicon-based surface and offer a unique platform for the development of extended and two-dimensional supramolecular structures [18].

STM study of the self-assembly of dipolar molecules on the Au(111) and the Si(111)-B surfaces 68

STM characterization of self-assembly of dipolar LdipCC molecules on Si(111)-B surface

After successful engineering of the extended and two-dimensional supramolecular network by utilising dipolar LdipCC molecules as building blocks for the self-assembling on an Au(111) surface, our aim was focused on obtaining extended and periodical supramolecular network of dipolar molecules on the Si(111)-B surface. The LdipCC molecules were evaporated from quartz crucible at 205° C onto clean Si(111)-B surface which was maintained at the room temperature, under UHV conditions. All the STM images are carried out at 110 K. We examined the self-assembling of LdipCC molecules at 0.9 monolayer coverage onto the Si(111)-B surface. The Each unit cell possesses eight bright spot patterns that originate from two different features observed in the unit pattern but with a similar length of 2.7 nm. However, the elaborated study of position and distances between observed spot patterns of unit cell are presented in Figure 3.17. First observed feature, which is highlighted by white dashed ellipse, is consisted of one big bright protrusion (labelled with black circle) and three darker protrusions (labelled by dark stars). The position of big, bright protrusion is centralized regarding the entire feature with the distance of 0.45 nm from the adjacent dark protrusion and 0.9 nm from two remotest dark protrusions, as shown in the Figure 3.17. Furthermore, the second feature (outline by white ellipse) observed in STM images of Figure 3.17, is located next to the first feature and it consists of four bright protrusions (outline by dark stars) and centralized zone of separation, as shown in the Figure 3.17. The distance between two adjacent protrusions of the feature ellipse is 0.45 nm and the distance between two protrusions from the both sides of dark zone of separation is 0.9 nm. STM study of the self-assembly of dipolar molecules on the Au(111) and the Si(111)-B surfaces 70 Overall, the length of both features observed into unit pattern is 2.7 nm which is in correspondence with a length of LdipCC molecules. The major difference between two observed features in the unit pattern of the LdipCC/Si(111)-B supramolecular adlayer is the presence of big bright protrusion and dark zone of separation (connected via red arrow and red dashed arrows with features in blue dashed rectangle in Figure 3.17). Based on STM analysis, the distance and position between big bright protrusion and adjacent dark protrusions are in perfect agreement with the distance between central phenyl ring with a respect to adjacent phenyl ring of a LdipCC molecule in a free gas state, as shown in the right panel of Figure 3.17.

In addition, the position of dark zone of separation which is distanced by 0.45 nm from the two adjacent protrusions, is compatible with a position of central aromatic ring with a respect of two adjacent aromatic rings. Therefore, based on STM analysis that relies on the position of protrusions and the lengths overall, we can conclude that each feature is contributed to LdipCC molecules which are arranged in side-by-side manner onto Si(111)-B surface and presented in the right panel of Figure 3.17. 

The dashed-white ellipse surrounds a central bright protrusion (black circle) and three darker protrusions (black stars). The white ellipse surrounds four protrusions (black stars). The size and distances between protrusions in each feature are indicated. The red arrow indicates the centralized dark zone of separation of the feature in white ellipse. The red, dashed arrow indicates the centralized big bright protrusion of the feature in white dashed ellipse. The inset in right panel corresponds to the blue dashed rectangular of LdipCC supramolecular network on Si(111)-B surface containing two features of the unit pattern that corresponds to two LdipCC molecules.

In order to probe the filled states of the adsorbed LdipCC molecules on Si(111)-B surface, the sample is scanned with negative bias voltage and the corresponding STM images are presented in Two factors could contribute to attenuate the anticipated STM contrasts. First, the presence of underneath silicon adatoms can significantly contribute to the STM contrasts and more especially at positive bias. Second, the orientation of those rings with respect to the STM tip may have a significant influence on the resulting contrasts.

In order to overcome these two limiting factors, we perform additional DFT calculations of PA and AP arrangements of LdipCC molecules by taking in consideration effect of the Si-B substrate. Incipiently, we inspected the super cells of LdipCC molecules in order to determinate the optimized geometry of the PA and AP arrangement of LdipCC molecules on the Si(111)-B surface. The super cell of PA and AP arrangement of LdipCC molecules on Si(111)-B (Figure 3.23) surface for DFT calculations, is adapted from the STM images and adsorption models of PA and AP arrangements models where the LdipCC molecules were fully optimized while the Si(111)-B surface was fixed during optimization. The DFT calculations of the super cell of LdipCC molecules on surface were performed with norm-conserving Trouillier-Martins pseudopotentials and double-ζ polarized atomic basis sets [18]. The mesh cut-off used to form the real space grid in the DFT calculations was 300 Ry, and the k-point grid was limited to the G point. A vacuum region of 35 Å was considered to minimize the interactions between periodic images in the direction normal to the slab. The structural relaxation and geometry optimization were performed by using conjugate-gradient method until the forces and the variation of total energy were less than 0.04 eV/Å and 0.001 eV, respectively. In order to discriminate between molecule-molecule and molecule-surface interactions, we calculated the adsorption energy of PA and AP arrangement such as:

𝑬ads=𝑬LdipCC/SiB-𝑬SiB-𝑬LdipCC STM study of the self-assembly of dipolar molecules on the Au(111) and the Si(111)-B surfaces 76 where, ELdipCC is the total DFT energy of the free standing LdipCC network (fixed at its optimized geometry on Si(111)-B surface), ESiB is the total energy of the substrate and ELdipCC/SiB is for the optimized complex. The left main panel of Figure 3.24 presents simulated STM simulated image of occupied states which is performed for a bias voltage of -1 V, while the right main panel present the STM simulated image of empty states, calculated for a bias voltage of + 2.5 V. Simulated STM images were calculated for a constant height and include the range of bias voltage of 3.5 V which is similar to the experimental conditions. The contrast that is revealed among calculated STM images at negative and positive bias voltage for PA and AP arrangement of LdipCC molecules is quite diverse regarding the contrast that could be identified due to the nature of The successful development of extended supramolecular network with dipolar LdipCC molecules as building blocks on Au(111) and Si(111)-B surface have been published thus reported in this chapter [21], [22]. Given the significant structural difference between observed assemblies on both surfaces respectively, it's clear that different interactions were involved in formation of extended, two-dimensional self-assembled network. One of the central question of LdipCC self-assemblies on Au(111) and Si(111)-B surfaces which motivated our study, is about the role of dipole-dipole interaction. One would expect that if the dipole-dipole interaction is driven force for self-assembly then only one supramolecular network that represent electrostatic minimum would be observed on both surfaces.

Despite the fact that in this chapter we report the presence of local dipole-dipole interactions between LdipCC molecules on both surfaces, the dipole-dipole interaction cannot be evaluated as outstanding dominative mechanism during self-assembling thus the observed structures on both surfaces are mainly the result of a competition between different intermolecular forces and molecule-surface interactions. The LdipCC self-assemblies onto Au(111) surface assorted from the open "porous-like" network to the compact two-dimensional network when it is deposited in monolayer coverage. The LdipCC molecules assemblies onto Au(111) surface assorted from open "porous-like" network to the compact two-dimensional network when it's deposited in monolayer coverage.

Based on STM images, we can assume that the role of Au(111) surface is negligible in the governing of the extended and two-dimensional LdipCC network due to further reasons:

• The unaltered Au(111)-22x√3 herringbone surface reconstruction is still observed on STM images with the supramolecular LdipCC network covering complete Au(111) surface meaning that molecule-surface interaction is not strong enough to perturb the surface reconstruction, as shown in the large scale size of central image of Figure 3.26 [23]. • The formation of multiple self-assembled phases of LdipCC molecules, observed simultaneously on Au(111) surface can be attributed to the relatively stronger moleculemolecule interactions than molecule-surface interaction [18]. The sparsely observed self-assembled domains are presented in the right panel of Figure 3.26.

The LdipCC networks at different molecular coverages on Au(111) surface are built-up of quite similar unit patterns and consist of three molecules where two of them are parallel in formation of the dimer and third is accommodated with determined angle with the respect to parallel molecules. In submonolayer coverage (see Figure 3.5), the molecular dipoles of LdipCC molecules are oriented randomly, while two molecules of total three in unit pattern of monolayer coverage are packed in an antiparallel fashion which is favored for dipole-dipole (see Figure 3.10) interaction due to the reduction of the electrostatic energy of the system.

Figure 3.27 The representation of comparison between the effect of dipole-dipole interactions into submonolayer (left panel) and monolayer coverage (right panel) of LdipCC molecules on Au(111) surface.

Therefore, we could conclude that dipole-dipole integration has significant but limited role in the formation of extended and two-dimensional LdipCC supramolecular network. However, the dipole-dipole has interaction was not strong enough to continuously govern self-assembly in the antiparallel alignment of dipoles over large, two-dimensional network on Au(111) surface. 111) surface and considered as a weak Hydrogen bond, it is not surprising that it exerts high potential in governing supramolecular self-assembly into extended and two-dimension manner as presented in the Figure 3.28 [25]. For an instance, the polyphenyl based molecules with dicarbonitrile substituents performed efficient densely packed complexity of self-assembled nanostructures via weak Hydrogen bond between cyano moieties and Hydrogen atom of aromatic п-cloud, is reported in the work of Schlickum U. and her collaborators, presented in the Figure 3.29 [26]. Hence, experimental and theoretical results agree to confirm the formation of an extended supramolecular network of dipolar LdipCC molecules on Si(111)-B surface is achieved due to the stronger molecule-surface interaction which dictated the parallel alignment of dipoles into self-assembled network. In principle, such parallel arrangement does not minimize the lateral dipole-dipole interactions and do not contribute to the energetical minimization of assembled system but the local dipoles that points from cyano moiety of one LdipCC molecule towards methoxy moiety of adjacent LdipCC molecule could remotely contribute to the stabilization of STM study of the self-assembly of dipolar molecules on the Au(111) and the Si(111)-B surfaces 85 self-assembled network due to their minimization through the internal LdipCC charge distribution.

Eventually, LdipCC molecules are self-assembled over significantly large 2D-domains, which are commensurable with the Si(111)-B surface thanks to the strong molecule-surface interactions and that essentially contain highly homogeneous parallel molecular arrangement, due to contribution of weaker molecule-molecule interaction. Overall, by comparison with LdipCC self-assembly on Au(111) surface, which is govern by stronger intermolecular interactions between molecular units, the periodical alignment of LdipCC molecular dipoles is not achieved yet the formation of extended and periodic two-dimensional network if formed on Au(111) surface. The significance of the comparative study of self-assembly of dipolar LdipCC molecules on both surfaces is thus in analysis of the assisted role of dipole-dipole interaction which is, as collaborated interaction into assemblies on both surfaces, evaluated as successful pathway for the formation of highly homogeneous parallel arrangement of molecular dipoles.

Conclusion

In this chapter, I have presented investigation of self-assembling of dipolar LdipCC molecules on metal, Au(111), and semi-conductive Si(111)-B surfaces. On the Au(111) surface, in submonolayer coverage, the LdipCC molecules assembled in multiple domains (see Figure 3.5) while in monolayer coverage these dipolar molecules are self-assembled into compact, twodimensional network (see Figure 3.9) . Hydrogen bond and Van der Waals interactions are the main driven force of the formation of the supramolecular network. However, despite of their directionality and their strength, Hydrogen bonds were not efficient to promote a periodic arrangement of aligned dipoles, indicating that expected collaborative effect between intermolecular interaction and dipole-dipole interaction is not enough strong to promote continuous anti-parallel arrangement of molecular dipoles. However, the formation of extended network built-up by dipolar molecules on Au(111) surface is achieved. The stability of formed two-dimensional network of dipolar molecules on Au(111) surface is investigated under exposition of 1 bar of nitrogen pressure. Indeed, the compactness and periodicity of supramolecular network is preserved even under an inert atmosphere. This fact strongly indicates that molecule-molecule forces that govern self-assembly of LdipCC molecules on Au(111) surface are strong enough to stabilise and preserve robustness of formed supramolecular network. On the Si(111)-B surface, the LdipCC molecules self-assembled into compact and twodimensional network with parallel arrangement and orientation of their dipoles, in any molecular coverage (see Figure 3.16). The determination of parallel arrangement of dipolar LdipCC molecules on Si(111)-B surface is performed thanks to the DFT calculations and STM simulations (section 3.2.2). In contrast to self-assembly of LdipCC molecules on Au(111) surface, we observed significantly large arrays of LdipCC molecules on Si(111)-B surface where the individual dipoles form a homogenous parallel phase. The lateral dipole-dipole interactions are reduced through the internal LdipCC charge distribution, even if the moleculesurface interaction is stronger than molecule-molecule interactions, as emphasized by the commensurability of the 2D supramolecular network with the Si(111)-B surface. By Chapter 4

4 On-surface fabrication of covalently bonded nanostructures monitored by HR-AFM at ambient conditions Starting from a key finding about one decade ago, the fabrication of compact and extended nanostructures based on "on-surface polymerization" has been developed into a modern method of obtaining otherwise inaccessible polymerized nanoarchitecture that could be integrated as nanocomponents in functional devices due to their electronic and photophysical properties [1], [2]. The emergence for the covalent linking between adsorbed molecules on surfaces arose from the exigency of the high-stabilization and robustness of resulting supramolecular nanostructures on surfaces which were mostly stabilized by weaker intermolecular interaction that usually hinder further investigation of their applications and properties, frequently considered at aircondition environment [3]. In that context, many of on-surface chemistry reactions, mostly studied by STM/UHV system, were used to grow covalently bonded molecular assemblies on different surfaces such as: Ullmann coupling reactions, Glaser-Hay reactions, dehydrogenative homocoupling, cyclodehydrogenative reactions etc. [4]. The successful formation of on-surface covalently bonded nanostructures by reactions presented in brief report above require three main conditions to be executed:

1. Molecules that possess potential (re)active site to allow regioselective activation 2. Catalytic role of metal surfaces 3. Temperature activation Even though the presented approach resulted in various reported covalently bonded nanostructures, mostly on metal surfaces, the problematic of this topic relies on the two last conditions: catalytic role of metal surfaces which promote formation of organometallic intermediates and temperature activation. The temperature activation implies high-temperature annealing of the supporting metal surface in order to promote covalent bonding between molecules and is often followed by thermal diffusion which promote the competition between covalent bonding and desorption of molecules from the surface. In such a way, the formation of extended and well-ordered covalent nanoarchitecture is difficult to achieve and is often followed by the presence of on-surface defects [5]. Moreover, the temperature triggered organometallic intermediate states (InS) which facilitate the activation and covalent connection steps, often recognized as step number 2 in polymerization reactions, have possibility to form strongly bonded metalorganic intermediates which inhibit the transition from intermediate state to the final covalently linked molecular state (FS). For an instance, reported in the work of J.

Park et al., intermediate organometallic state was found to be very robust against annealing

On-surface fabrication of covalently bonded nanostructures monitored by HR-AFM at ambient conditions 90 which on the end resulted in only 10% conversion from InS to the final covalently bonded molecules on Ag(111) surface [6]. Indeed, all discussed factors contribute to the limitation of the compactness and extension of resulted covalently bonded nanostructures requesting for convenient strategy to achieve highly-ordered polymerized nanostructures on surfaces. Thus, it appears mandatory to propose two possible methods based on chemical consideration to circumvent the current issue for successful synthesis of extended, covalently bonded nanostructures on surfaces:

1. Thermally induced polymerisation of molecular assemblies based on metal catalyst free chemical reactions on surfaces (inspired by "green" chemistry) 2. Photochemically induced formation of covalently bonded molecular assemblies on surfaces by UV source of light

Figure 4.1 a) Schematic representation of on-surface [3+2] cycloaddition of N-(4azidophenyl)-4-ethynylbenzamide (AEB) monomer (left) and resulted azide-alkyne covalently linked oligomers: linear 1,4 regioisomer and L-shape structured 1,5 regioisomer. b) STM image of rowed azide-alkyne dimers 1,4 regioisomers (white arrow numerated by number 1) and azide-alkyne trimers (white arrow numerated by umber 2). c) Closer inspection of formed azide-alkyl dimer with inset of molecular structure (1,4-regioisomer) [7].

In context of the first proposition, the success of cycloaddition reactions between assembled molecules on surface, promoted under mild reactions conditions, has been demonstrated as promising pathway to developed extended and polycyclic covalent nanostructures [7]. For an instance, given the low activation temperature which is required to induce covalent bonding, and the utilization of an inert metal surface, resulted into covalently bonded linear structures of

a) b) c) 1 2
On-surface fabrication of covalently bonded nanostructures monitored by HR-AFM at ambient conditions 91 N-(4-azidophenyl)-4-etynylbenzamide molecules on Au(111) surface as presented in Figure 4.1, which is reported in the work of Arado and et al. [7]. Supported by DFT calculations and experimental results, it is notable to mention that this kind of cycloaddition reactions were obtained by azide-alkyne "click" cycloaddition and furthermore without catalyzation of Au adatoms on supporting surface. Another powerful technique that can provide on-surface synthesis of covalently bonded nanostructures is light-induced formation of covalent bond because it does not require any thermally induced effect neither catalytic role of surfaces to be promoted. Despite its significant interest which hinder the obstacles implied to the thermally induced on-surface synthesis, the light-induced formation of the covalently bonded molecular assemblies has been addressed in a few occasions on a bulk insulator but scarcely on conducting surfaces [8]- [10].

Therefore, in this chapter we aim to present a systematic investigation of the on-surface synthesis of covalently bonded two-dimensional supramolecular nanostructures in ambient conditions by utilizing two approaches which are previously presented. An observant procedure of these experiments requests:

1. Appropriate scanning probe technique to be carried out in ambient conditions 2. Convenient choice of the supporting surface for molecular building blocks to be deposited at ambient conditions 3. An appropriate choice of the molecules which will be enabled to self-assembly in twodimensional confinement on supporting surface and in such a manner dispense as initial point for the potential covalently bonded two-dimensional structures once the external energy is applied. Here, in this chapter we investigate on-surface polymerization studied by AFM at ambient conditions on HOPG surface expecting to obtain large extended two-dimensional covalently bounded nanostructures based on two types of molecules: VINYL and EPOXY molecules. For characterization and imaging supramolecular networks by AFM, we choose Peak Force The EPOXY molecule consists of two main parts: phenyl ring bearing epoxyhexyloxy fragment and benzoate group connected via oxygen atom with lateral alkyl chain of ten carbon atoms (decyloxy alkyl chain). Overall, the length of the EPOXY molecule is 3.1 nm where 1.37 nm corresponds to the length of lateral decyloxy chain, 0.9 nm corresponds to the length of two phenyl rings: one belonging to benzoate group and another phenyl ring which bears epoxyhexyloxy fragment, subsequently. The length of lateral epoxyhexyloxy fragment is 0.85 nm. Both, VINYL and EPOXY molecules were the subject of the interest for the experiments on HOPG surface at ambient condition since there are various examples that present alkylated molecules as a building blocks with high affinity for anchoring on the HOPG surface [11]. Under ambient conditions, HOPG surface is the most popular to work with due to its properties of conductivity and atomically flat surface which is inert at ambient conditions and utilised.

3.12 nm 1.37 nm 0.9 nm 0.85 nm

On-surface fabrication of covalently bonded nanostructures monitored by HR-AFM at ambient conditions 93 This chapter is structured as follows: (Part I: Section 4.1) On-surface thermal polymerization of VINYL molecules on HOPG surface monitored by HR-AFM at ambient conditions, followed by (Part II: Section 4.2) Light induced polymerization of EPOXY molecules on HOPG surface monitored by HR-AFM at ambient conditions. The inception of both parts starts with development and characterization of extended self-assembled networks built-up by VINYL and EPOXY molecules on HOPG surfaces, subsequently, at ambient conditions which are supported by corresponding adsorption models. Furthermore, the major study of section 4.1 is devoted to the investigation of thermally induced effect on VINYL supramolecular while the major part of section 4.2 (Light induced polymerization of EPOXY molecules on HOPG surface monitored by HR-AFM at ambient conditions) is concerned to the investigation of EPOXY self-assembled network before and after exposition to the UV source of light.

The chapter is finalized by the conclusion of our work based on presented results.

4.1 On-surface thermal polymerization of VINYL molecules on HOPG surface monitored by HR-AFM at ambient conditions 4.1.1 Self-assembly of VINYL molecules on HOPG surface and characterization of one monolayer supramolecular network by HR-AFM at ambient conditions

The basic subject of this section was devoted to the development and investigation of VINYL two-dimensional self-assembled network on HOPG surface. Therefore, for this experiment, we utilised solution of VINYL molecules in chloroform (CHCl3) at molar concentration of 10 -4 mol L -1 . Molar concentration of 10 -4 mol L -1 of VINYL solution was chosen deliberately due to the fact that in large range of solution concentration (from 10 -2 mol L -1 until 10 -6 mol L -1 ) supramolecular networks with various initial thickness were formed on HOPG surface, showing that the only concentration of 10 -4 mol L -1 is representative one for successful formation of one monolayer of supramolecular network. The 20 μl of VINYL solution was deposited onto HOPG surface and the spin coating was carried out for 20 seconds with an angular velocity of 1000 rpm. After spin coating the sample was thoroughly dried at 80° C for 15 minutes in VO Memmert Heater in order to evaporate chloroform from the substrate. The initial deposition of VINYL molecules on HOPG surface resulted in extended and compact domains (bordered by grain boundaries) on HOPG surface, as presented in large-scale size AFM image of Figure 4.4 b). Based on the п-conjugated nature of VINYL molecules, which frequently self-assemble with their largest face flatly lying on a substrate via physisorption, we assumed that the formed periodic domains are closely one monolayer, constituted of self-assembled VINYL molecules which are adsorbed horizontally parallel on HOPG surface. ). The structure of VINYL molecule possesses π-conjugated "core" constituted of three conjugated phenyl rings where two of are not horizontally adsorbed upon surface yet they possess "out of plane" structure by comparing with entire VINYL molecule and lateral alkyl chains. Therefore, we assume that observed bright stripes on topography AFM images correspond to the "core" of VINYL molecules while dark contrast AFM signal on topography images is correlated to the lateral alkyl chains. Indeed, an overview of the reported work of Korolkov et al. describes observed bright AFM contrast in the formation of nanolines attributed to the "core" of п-conjugated segments while darker AFM contrasts are described as alkyl chains, both belonging to the polythiophene polymers, as shown in the Figure 4.6 [12]. Therefore, we assign that within each bright stripe of VINYL supramolecular network observed by topography AFM images, π-conjugated "cores" of VINYL molecules are periodically arranged. By elaboration of topography and adhesion AFM images of VINYL supramolecular network on HOPG surface, we are enabled to propose adsorption model of self-assembled network and present in Figure 4.11. VINYL molecular building blocks self-assembly into two-dimensional rectangular nanostructures on HOPG surface which are stabilized by intermolecular interactions: Van der Waals interaction between interdigitated alkyl chains (outline by red ellipse in Figure 4.11) and π-π interaction between terminal ethylene and phenyl moieties (outline by blue ellipse in Figure 4.11) [13]- [16]. Indeed, the special proximity of two ethylene moieties promotes higher possibility for the on-surface reaction to be occurred. Since the self-assembled supramolecular network built-up by VINYL molecules on HOPG was successfully observed and elaborated by AFM at ambient conditions, our aim was to investigate the effect of heating on already observed supramolecular network. Therefore, the substrate with monolayer coverage was transferred in VO Hemmer Heater and exposed subsequently to the mild conditions: the substrate was heated and followed-up until the first observed difference which occurred after 40 minutes of heating at 120° C. Afterwards, the sample was cooled down until room temperature and scanning was performed by AFM at ambient conditions. Figure 4.12 a) presents the large-scale size AFM topography image of VINYL supramolecular network on HOPG surface recorded after the exposition to the thermal energy.

The first observed point that resulted from the process of heating was the difference in morphology of VINYL supramolecular network by comparing with an initial network observed before heating, in a manner of detached two-dimensional self-assembled islands which are bordered by grain boundaries in AFM topography image of Figure 4.12 a). The second striking point noticed after thermal procedure of VINYL supramolecular network on HOPG surface was impossibility to scan and observe any organized structures within domains on topography AFM images while simultaneously, on the adhesion AFM image, the appearance of bright nanolines The uncommon fact that topography AFM image does not provide any signal of nanostructures apart the signal with an amplitude correlated to the noise of our AFM set-up, is reproducible after every heating procedure of VINYL supramolecular and confirmed even by changing AFM tip. Simultaneously, the adhesion AFM images provide signal of linear, bright nanostructures with periodicity of 1.13 (or 1.2 nm depending on thermal drift or statistic error of several measurement) which, according to the discussed model in section 4.1.1, corresponds to the alkyl chains of VINYL molecules, as presented in the Figure 4.14.

The proof that observed VINYL nanolines are immutable consequence of heating process and not caused by the AFM tip or the presence of external effects (pollution, humidity in the air etc.…) is the reproducibility of their appearance after each repeated thermal procedure, even by changing the parameters of deposition. The presented data reveals the direct consequences of the heating procedure upon VINYL selfassembled network on HOPG surface:

1. The roughness of VINYL/HOPG sample is decreased after thermal procedure in a way that AFM scanning cannot produce signal for topographic variations by comparing with the AFM topography images before annealing. 2. The adhesion AFM images reveal the one-dimensional structured signal for alkyl chains with decreased periodicity by comparing with the adhesion AFM images of twodimensional arrangement of bright protrusions that correspond to the alkyl chains before thermal procedure.

In order to reveal the effect of heating VINYL supramolecular network on HOPG surface, the additional experiments were carried out and presented in further section.

Comprehension of thermal annealing effect on the VINYL supramolecular network on HOPG surface

Temperature is one of the most essential parameters governing the supramolecular selfassembling process as it affects the thermodynamics and kinetics of the molecular systems, mostly resulted in the temperature-induced phase transitions in the supramolecular assemblies on the surfaces [16]. For an instance, Lackinger et al. addressed the temperature dependent transition of 1,3,5-tris(4-carboxyphenyl) benzene (BTB) supramolecular network on HOPG surface in liquid/solid state from the porous phased network to the linear row structures, while heated above the temperature of 43° which is presented in Figure 4.15 [17]. Adapted from [17].

In another case, the thermal annealing has emerged successful method for synthesis of covalently-bounded nanostructures in the most of the cases on metal surfaces due to their catalytic role. However, on-surface synthesis on HOPG surface seems to be promising method for the chemical reactions which does not require catalytic effect and moreover due to the inert nature of HOPG surface where molecular diffusion could be promoted efficiently.

Therefore, the experiment performed and described in section 4.1.1 and 4.1.2 had placed our research group in a "crossroad" of the conclusion to be gained regarding the effect of heating upon VINYL supramolecular network on HOPG surface and the main cause of obtaining nanostructures with highly compact alkyl chains, visible on adhesion AFM images. In an effort to assess the nature of thermally caused transition from two-dimensional representation of alkyl chains towards one-dimensional linear structures of alkyl chains with significantly decreased periodicity, we proposed elaboration which will be examined by the set of experiments, described in this section.

There are two main possibilities which are caused by temperature-influenced conversion of two-dimensional rectangular VINYL supramolecular network into formation of onedimensional VINYL nanoline structures (supported by Figure 4.11):

1. Thermally-induced one directional "migration" of the VINYL self-assembled molecules in y direction (which is presented in the model of Figure 4.11) until the observed distance of 1.13 nm. This hypothesis could hold particularly true due to the already known phenomena where alkyl chains tend to bend in order to fulfil the empty space on HOPG surface and form densely packed supramolecular system. Both molecules possess the same "core" and the same lateral aliphatic chains as VINYL molecule: triphenyl aromatic rings grifted by two lateral decyloxy chains. First molecule Phenyldecyloxy, is pristine molecule, non-terminated by any functional groups and the second molecule, Pyridyldecyloxy, possesses two pyridine functional groups as terminals on the "core" of molecule. However, we expect if the proposition number 1 is correct and the thermal procedure is implied in the same steps as it is done for VINYL supramolecular network, the self-assembled networks built-up by these two molecules will perform the same deviations of periodicities in adhesion AFM images and the topography AFM images will not execute any signal of sample's morphology. Moreover, the presence of multiple phased nanostructures on HOPG surface after heating, due to possession of different functional groups could be observed.

In such a way, Phenyldecyloxy and Pyridyldecyloxy molecules could bend lateral alkyl chains into self-assemblies and minimize empty space of HOPG surface until the adjacent distance of 1.3 nm.

The 20 μl of the Phenyldecyloxy and Pyridyldecyloxy solution in chloroform (both with concentration of c =10 -4 mol L -1 ) was deposited by spin coating with angular velocity of 1000 rpm (or 850 rpm), subsequently on two HOPG surface. Once deposited by spin coating, the chloroform was evaporated at 80° C and images were obtained by AFM Peak Force Tapping Mode at ambient conditions. The self-assembling of both molecules on HOPG surface resulted into compact domains with periodically arranged bright lines, as presented in Figure 4.17. AFM images of Figure 4.17 b) and c) represent the AFM topography images of Phenyldecyloxy self-assembled network on HOPG surface. The corresponding periodicity of self-assembled Phenyldecyloxy molecules on HOPG surface is presented in Figure 4.18. Pyridyldecyloxy molecules self-assembled in a similar manner as Phenyldecyloxy molecules: compact and ordered arrangement of supramolecular bright stripes, as presented in the Figure 4.17 The observed preservations of the nanostructures after heating at 120° C and 150° C on topography AFM images, enhance the robustness and stability of Phenyldecyloxy and Pyridyldecyloxy supramolecular networks on HOPG surface at air conditions, most likely govern by suitable balance between molecule-surface and molecule-molecule interactions (Hydrogen bonds, п-п interactions etc.…). No significant difference appeared on topography and adhesion AFM images of Phenyldecyloxy and Pyridyldecyloxy self-assembled networks after exposition to the high-temperature. Both supramolecular networks have the same periodicities as their initial network before heating, as presented in Figure 4.20. Moreover, the compactness and ordered arrangement of supramolecular lines of Phenyldecyloxy and Pyridyldecyloxy networks were preserved without any observation of temperature-induced phase. The AFM topography images of both networks after heating were successfully carried out while the topography AFM signal of VINYL network after heating was absent. Since the only difference between three examined molecules (VINYL, Phenyldecyloxy and Pyridyldecyloxy) are their groups located on the terminals of the cores of the molecules, it highly indicates that thermally induced effect which resulted in significantly decreased periodicity of VINYL supramolecular network on HOPG surface observed on adhesion AFM images, is related to the ethylene terminal groups of VINYL molecules. The thermally induced nanostructure could be stabilized by π-stacking between ethylene group and phenyl rings of two adjacent VINYL molecules (y direction in model of Figure 4.11) but it would require narrow rearrangement that is less possible due to the steric hindrance [18]. Therefore, obtained results in this section indicates that perchance, formation of covalent bond occurred between VINYL's terminals (see Figure 4.11) which induced completely new supramolecular network that resulted into self-assembled structures with decreased periodicity. There are two main phenomena that could induce observed differences after thermal procedure and formation of covalent bonds between VINYL molecules into supramolecular network: alkene dimerization and [4+2] cycloaddition. The alkene dimerization is generally reported on surface and solution among literature as synthesis of cyclic covalent nanostructures, where in the case of VINYL molecules, both ethylene groups are involved in formation of cyclobutene which is regarding the entire molecular structure, placed out of plane, as presented in schematic representation of Figure 4.22 [19], [20]. The cycloaddition [4+2] is generally reported in solution but in the case of VINYL molecules it would involve dual reaction between two phenyls ring and two ethylene terminal group. This type of reaction is based on supra-supra approach which is well-known as the keystate in [4+2] cycloaddition [19], [20], [21]. On-surface fabrication of covalently bonded nanostructures monitored by HR-AFM at ambient conditions 110
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The outcome of [4+2] cycloaddition reactions are several fused cyclic structures which are out of plane molecules, as presented in the Figure 4.23 [22], [23]. The argument that contribute to previously set statements is that generally cycloaddition reactions are thermally allowed in a solution and on surfaces at mild conditions by heating with the temperature that in the most of the cases does not reach more than 150° C degrees. The observed thermally induced linear nanostructures on adhesion AFM images in the section 4.1.3 origin from alkyl chains with a decreased periodicity up to 1.13 nm that could be achieved by bending lateral alkyl chains at certain titled angle relative to the entire structure of VINYL molecules. The question that one might ask is why the reduction of periodicity between alkyl chains is observed only after thermal procedure of VINYL supramolecular network on adhesion AFM images, and not on the topography AFM images.

It is notable to mention two reasons which will support the adsorption model of VINYL supramolecular network in Figure 4.25:

1. Since we do not possess information of formed chemical bond after heating procedure of VINYL supramolecular network, it is difficult to discriminate by AFM images rather alkene dimerization or [4+2] cycloaddition reaction occurs. However, it is notable to mention that cyclobutene (product of alkene dimerization reaction) and fused cyclic structures (product of [4+2] cycloaddition) are out of plane molecules, as presented in Figure 4.22 and 4.23. The topography AFM images of VINYL supramolecular network presents the linear nanostructures before heating procedure constituted of periodical arrangement of conjugated phenyl "cores" where two of three aromatic rings are adsorbed out of HOPG surface plane. In the case of formed thermally induced products,
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the resulting nanostructures could have decreased roughness due to "elevation" of new, formed cyclic structures in an average height range as phenyl rings which are adsorbed out of plane on HOPG surface. In that case, the AFM topography images will not be able to discriminate very small amplitude of the roughness on VINYL covalently bonded network and will not monitor signal of topography after thermal procedure.

2. The observed thermally induced reduction of alkyl chains periodicity of VINYL supramolecular network could be simultaneously explained by thermal diffusion in y direction of self-assembling. Due to the steric hindrance, the alkyl chains are bended at certain titled angle, which results into dense packed phase that in adhesion AFM images will not be monitored as separated bright spots as observed before thermal procedure (see Figure 4.8) but rather as continues bright lines (see Figure 4. 25). Yet the limitation of empty space between rows of covalently bonded π-conjugated VINYL cores, where bended alkyl chains are densely confined, could partially induce out of plane elevation of alkyl chains. In such a way, the difference of average height of π-conjugated rows and alkyl chains rows would be significantly decreased, yet strenuously detectable by AFM monitoring in topography images.

Therefore, based on propositions number 1 and 2, we are enabled to interpret the observed deviations on AFM images of VINYL supramolecular network after introduced heating procedure. The detection of formed chemical bond by FTIR or AFM-IR Spectroscopy is still required and planned in further investigation. However, performed experiments which are based on heating procedure of Phenyldecyloxy and Pyridyldecyloxy self-assembled network did not monitor any thermally induced deviations which firmly indicate that observed results could be comprehended in a way of on-surface synthesis of covalent bond between VINYL molecules.

In further section, we will present another aspect of on-surface synthesis based on UV light irradiation and its effects upon supramolecular network on HOPG surface.

On-surface fabrication of covalently bonded nanostructures monitored by HR-AFM at ambient conditions 113 4.2 Light-induced polymerization of EPOXY molecules on HOPG surface monitored by HR-AFM at ambient conditions 4.2.1 Self-assembling of EPOXY molecules on HOPG surface and characterization of supramolecular network by HR-AFM at ambient conditions In the Section 4.1 we have studied the consequences of heating process upon VINYL selfassembled network on HOPG surface by AFM at ambient conditions. In a similar manner, we aimed to extended our work in direction of light induced on-surface polymerization of organic self-assemblies on HOPG surface. We expect the possibility to study morphology of the selfassembled networks once they are exposed to the source of UV light and furthermore monitored by HR-AFM at ambient conditions. Therefore, in this section we investigate self-assembly and light-induced polymerization of molecules which are characterized by epoxy functional group, particularly recognizable as efficient monomers for the polymerization reactions [24], [25]. 
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structures, observed on topography and adhesion AFM images subsequently, is faintly unstratified, which obscure distinction rather or not two-dimensional protrusions on adhesion AFM images origin from π-conjugated segment (two phenyl rings) or alkyl chains adsorption. In several cases, topography and adhesion AFM images of EPOXY supramolecular network presents the same signal in formation of periodically arranged bright, linear structures while in another case, inhomogeneous signal is observed on adhesion AFM images and presented in Non-correlation of observed signals on topography and AFM images, as well as certain deviation of measured periodicities, entangle the ability to propose adsorption model for EPOXY supramolecular network thus indicating that perchance, EPOXY supramolecular network self-assemble into different supramolecular phases, preferred to the phenomena of supramolecular polymorphism that occur simultaneously on surface. Indeed, the HOPG surface is chemically inactive surface, thus molecule-molecule interactions could be the govern forces for the self-assembling of EPOXY molecules which frequently induce structural variations among self-assemblies. However, periodical supramolecular arrangement of molecular building blocks on surfaces are not a necessary condition for the formation of covalent bonded assemblies. For an instance, one-dimensional micro-meter long polymers were obtained by photo-initiated radical polymerization of dimaleimide molecules which primarily formed diffusing two-dimensional self-assembly and diluted gas phase, rather than a rigid self- The difference between periodicity of profile 1, 2 and 3 is not surprising due to the statistical error of +/-0.20 nm which is observed on many experiments monitored by our AFM set-up. However, the significant enhancement of periodicity between observed one-dimensional linear nanostructures on AFM adhesion images after UV light exposure is confirmed as reproducible result thus indicating that light emitting diode of 266 nm could initiate formation of covalent bond between two adjacent EPOXY molecules, more preciously, between two epoxide groups [28]. Based on our results, multi-phased EPOXY supramolecular network, observed by AFM adhesion images, is converted into one-dimensional linear nanostructures with significantly increased periodicity. 

Conclusion

In this chapter we present self-assembling of a large-scale 2D networks based on VINYL and EPOXY molecular building blocks on HOPG surface and investigation of on-surface synthesis of covalently bonded nanostructures initiated by thermal procedure and UV-light exposure. The experiment is performed at ambient conditions and monitored by HR-AFM in Peak Force Tapping Mode while extended and compact self-assembled networks are successfully deposited by simple method of spin-coating technique on HOPG surface. Furthermore, we performed investigation of studious behavior of each supramolecular network once the external stimuli (heat or UV light) was applied upon molecular assemblies on HOPG surfaces: the VINYL supramolecular network was heated until 120° C while EPOXY molecules were irradiated by UV light emitting diode of 266 nm.

In both cases, by HR-AFM, we followed the deviations in periodicity of VINYL and EPOXY networks after the applied heating procedure and UV light exposure. The VINYL supramolecular was converted from the extended two-dimensional network towards the onedimensional linear structure with significantly decreased periodicity. Our proposition that thermally induced reactions (alkene dimerization or cycloaddition reaction) occurred, is supported by additional experiments where molecules with similar structures as VINYL molecule (Phenyldecyloxy and Pyridyldecyloxy molecules in Section 4.1.2.1) didn't performed any deviation in network's periodicity after thermal annealing. The realization of monolayered supramolecular networks of dipolar molecules on surfaces is of great interest for materials and nanotechnology due to their appealing properties that could be implemented in recurrent needs for miniaturization of devices. Based on phenomena of supramolecular self-assembling on surfaces, the adsorption of tailored dipolar molecules on surfaces with specific substituents as functional groups, is a promising pathway to obtain extended supramolecular networks due to their prior ability of being perfectly organised over a large spatial domain on surfaces. In first part of my thesis, I have presented self-assembling of dipolar LdipCC and their different outcomes by means of resulted structures of self-assembled networks, once they have been deposited onto two surfaces, Au(111) and Si(111)-B surfaces, respectively and studied by STM in UHV system. The LdipCC molecule is five phenyl conjugated molecule, constituted by two distinct terminal groups, cyano and methoxy moieties, that give a strong molecular dipole moment which is aligned in one direction through πconjugated "molecular backbone". The π-conjugated molecules often lie flatly, with their largest face horizontally adsorbed upon the surface. The LdipCC molecule is grifted by two lateral propyloxy chains in order to successfully anchor molecules on the surface, but short enough to prevent strong interdigitation by Van der Waals interactions and allow other molecule-molecule interactions to exert their roles into self-assembling. The suitable balance between molecule-surface interactions and molecule-molecule interactions, as well as the chemical nature of LdipCC molecules which contains moieties that lead to a self-assembling into a two-dimensional fashion, have persuade formation of extended and periodical selfassembled networks based on dipolar molecules. In such a way, obstacles which are discussed in introduction of Chapter 3 have been overcome and ordered alignments of molecular dipoles have been successfully achieved into two-dimensional supramolecular domains.

On the Au(111) surface, dipolar LdipCC molecules self-assembled into extended and compact, porous-like supramolecular network with highly periodical arrangement into twodimensional manner on surface. Profiting off the inert nature of Au(111) surface, Hydrogen bonds and van der Waals interaction exerted their roles as driving intermolecular force for the self-assembling, while dipole-dipole interactions occurred locally, between molecules which were aligned into anti-parallel arrangement. Both functional groups of LdipCC molecules were not involved only as electron donor or acceptor for the dipole, but as donor or acceptor for Hydrogen bonds which assisted into formation of partially periodical anti-parallel alignment of LdipCC molecules on Au(111) surface. However, the Hydrogen bond, as a govern force for self-assembling of extended and periodical network on Au(111) surface was strong enough to preserve the robustness and stability of monolayered LdipCC network even after exposition to the inert atmosphere.

On Si(111)-B surface, LdipCC molecules self-assembled into extended two-dimensional network with periodical arrangement of their molecular dipoles, which is explored for the first time. In contrast to self-assembling on Au(111) surface, we have observed extensively large arrays of LdipCC molecules where individual dipoles were arranged into homogeneous parallel phase, which is determined by DFT calculations and STM simulations. No specific presence of Hydrogen bonds is observed and Van der Waals interactions are special limited not promoting densely packed interdigitation of lateral alkyl chains. In each LdipCC domain on Si(111)-B surface, LdipCC network is commensurable with the surface owning to stronger moleculesurface reactions than molecule-molecule interactions. In fact, we can conclude that moleculesurface interaction is govern force for the self-assembling of dipolar LdipCC molecules on Si(111)-B surface. Regarding molecule-molecule interactions, potential lateral dipole-dipole interactions that occur between terminals of adjacent LdipCC molecules could contribute to the highly homogeneous parallel molecular arrangement on Si(111)-B surface.

On-surface polymerization

In the second part of my thesis, we investigated formation of covalently bonded self-assembled networks and for the first time, presented on-surface synthesis monitored by High-resolution AFM at ambient conditions. By now, reported examples of on-surface formation of covalent bond is exerted by STM/UHV or AFM/UHV system and by STM at ambient conditions at solid/liquid or solid/air interface. Our objective was to propose novel method of on-surface synthesis which will exclude metal surfaces as underlaying substrate, long-term processes in UHV system and involve mild on-surface reaction procedures thus avoiding any defects in resulted covalently bonded supramolecular networks. Therefore, formation of self-assembled supramolecular networks and covalently bonded nanostructures, which are planned to be studied by AFM at ambient conditions, requires convenient strategy by means of rational design of molecular building blocks to be stable at ambient conditions and to assembly on an inert surface. In order to follow on-surface synthesis reactions in ambient environment, it is challenging to perform high-resolutions AFM images on which we will base our assumptions and conclusions. For this systematic investigation, we used two different molecules: VINYL molecules, bearing ethylene terminal groups, for thermally-induced formation of covalently bonded self-assembled network and EPOXY molecules, bearing epoxide functional group, for light-induced formation of covalently bonded nanostructures. Both molecules are deposited from solution onto clean HOPG surface by spin-coating method.

VINYL molecules self-assembled on HOPG surface into two-dimensional supramolecular network where by AFM, it is monitored as rectangular arrangement of observed bright spots with determined periodicities of 2.0 and 2.4 nm. VINYL supramolecular network is stabilized by Van der Waals interactions and π-π stacking interactions that occur between interdigitated alkyl chains and terminal ethylene groups, respectively. After exposition of the VINYL/HOPG sample to the subsequent thermal procedure, the self-assembled network resulted into onedimensional linear nanostructures with decreased periodicity of 1.13 nm. Taking in account Conclusion and Perspectives 128 additional experiments, which are done with similar molecules as VINYL molecule but with different terminal groups, no difference after thermal procedure is observed, indicating that onsurface synthesis reaction by means of polymerization was promoted which resulted into covalently bonded structures.

EPOXY molecules self-assembled on HOPG surface into two-dimensional porous-like structure where by AFM, it is monitored as two-dimensional arrangement of observed bright lines, with determined periodicities of 1.7 nm and 2.3 nm. Govern force for self-assembling of EPOXY molecules on HOPG surface is Van der Waals interactions that occur between lateral alkyl chains. After exposition of the EPOXY/HOPG sample to the UV source of light (266 nm), the EPOXY supramolecular network obtained significantly increased periodicity of 3.7 nm. No observed difference occurred before and after heating the EPOXY/HOPG sample. Such extended formation of observed linear structure could be comprehended by homopolymerization between EPOXY monomers, by means of on-surface reaction that promoted ring-opening of each epoxide functional group and formation of covalent linkage in a form of resulted polyethers within supramolecular network.

Perspectives

The systematical investigation and comparison between self-assembling of LdipCC molecules on Au(111) and Si(111)-B surface highlighted the role of surface to the formation of dipole based nanostructures with distinct form. On both surfaces, we have obtained monolayered supramolecular network with periodical arrangement of molecular dipoles which enable opportunity to pursue investigation towards the polarization of molecular nanostructures on surfaces by external stimuli. In such a way, by using STM, we are enabled to investigate molecule-scale ordering processes and transitions between different structures that could be caused by electrical field (bias voltage of STM tip) of scanning tunnelling microscopy. For an instance, G. Simpson and Y. Zhang presented molecule-dipole rotation on metal surfaces, promoted by bias voltage from STM tip, occurred around a fixed rotation axis of a single molecule and simultaneous rotation of all molecular rotos into large self-assemblies, respectively [1], [2]. While in both of the cases molecular rotation is occurred on metal surfaces, our experiment presented in Chapter 3, which resulted into large, two-dimensional arrays of parallelly aligned LdipCC molecular dipoles, could be realized in terms of LdipCC molecular orientation on semi-conductive, Si(111)-B surface. In order to extend investigation of LdipCC self-assembling on Au(111) surface, the electrical field from STM tip could cause alternation of molecular dipole two-dimensional ordering, towards one-directional, parallel or anti-parallel alignment. Given by stability of LdipCC network, which is examined at inert atmosphere, the effort could be focused on exposing external electric fields parallel to the surface in an effort to switch the polarization of the possibly existed ferroelectric domains and to study switching processes at the molecular level. The on-surface synthesis provides atomically precise control over fabrication of robust and stable covalently bonded nanostructures, under exceptionality mild conditions once the experiments are done at ambient environment. Our studies of on-surface synthesis of VINYL and EPOXY supramolecular networks after applied external stimuli opens the way towards compulsory identification of resulted chemical bonds by different methods: FTIR, AFM-IR spectroscopy etc. In addition, on-surface synthesis of VINYL and EPOXY supramolecular network could be studied and monitored in UHV environment by STM at low temperature in order to elucidate precise mechanism of polymerization reactions.

The great opportunity given by experiments presented in Chapter 4, could be implemented as on-surface synthesis procedures onto semi-conductive surfaces, because semi-conductive surfaces are widely integrated as components into electronic devices. Owning the ability to form two-dimensional ordered and extended nanostructures on Si(111)-B surfaces, on-surface synthesis by UV irradiation could be examined. For an instance, the self-assembled network of 1,4-di(4',4''-cyanophenyl)-2,5-bis(decyloxy)benzene (CDB) molecule onto Si(111)-B surface is reported by our research team, forming extended two-dimensional supramolecular network by oxygen-bearing molecule, in formation of alkyl chain fragment, decyloxy chain (similar structure as LdipCC, see Chapter 3).

Conclusion and Perspectives 130

In such a way, experiment performed by on-surface synthesis of covalently bonded EPOXY supramolecular network on HOPG surface at ambient conditions, could be extended in terms of possibility to form stable self-assembled EPOXY network on Si(111)-B surface in UHV system and to investigate on-surface formation of covalent bond by UV light exposition. Title: From supramolecular self-assemblies to on-surface synthesis Monitored by Scanning Probe Microscopies Keywords : supramolecular self-assembly, STM, AFM, on-surface synthesis, ultra-thin nanomaterials Abstract : This thesis deals with investigation, by means of Scanning Tunneling Microscopy in ultra-high vacuum and Atomic Force Microscopy at ambient conditions, of supramolecular networks based on molecular self-assembly on different kinds of surfaces, such as: Au(111), Si(111)-B and HOPG, as well as investigation of on-surface synthesis of covalently bonded nanostructures. The first chapter presents state-of-the art of noncovalent molecule-molecule interactions that govern supramolecular self-assembling and methods to obtain covalently bonded self-asselblies on surfaces. The second chapter presents theoretical concepts and experimental setups, procedures for preparing clean surfaces, probes and molecular deposition in ultra-high vacuum system and ambient conditions, respecitvely. The third chapter is dedicated to results obtained by STM in UHV system and comparing investigation of supramolecular self-assembling of dipolar LdipCC molecules on Au(111) and Si(111)-B surfaces. Due to suitbale balance between contemplating choice of underlaying substrate and molecule-molecule interactions, LdipCC molecules self-assembled into extended and periodical supramolecular networks on both surfaces.

On Au(111) surface, LdipCC molecules formed extended, porous supramolecular network which is govern by molecule-molecule interactions while on Si(111)-B surface, LdipCC molecules self-assembled into homogenious, extended parallel alingment of molecular dipoles due to significant role of molecule-surface interactions. The fourth chapter is dedicated to the results obtained in ambient conditions which are monitored by AFM Peak Force Tapping mode. Two alkylated molecules, one bearing ethylene moieties and another possesing epoxied moiety, selfassembled into two-dimensional networks on HOPG surface. Ethylene based supramolecular network was exposed the thermal procedure while epoxy based supramolecular network was exposed to UV-light exposure. The proposed mechanisms based on analysis of topography and adhesion AFM images suggest that thermally induced on-surface dimerisation (or cycloaddition) reaction and UV-light initiated polymerization occurred on HOPG surface. In such a way, two-dimensional self-assembled networks on HOPG surface were converted into covalently bonded supramolecular selfassemblies.
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Figure 1 . 4

 14 Figure 1.4 Schematic representation of different types of hydrogen bonds. a) "Simple" or twocentered Hydrogen bond. b) Bifurcated or three centered Hydrogen bond. c) Trifurcated or four-centered Hydrogen bond. Images adapted from [8].

Figure 1 . 5

 15 Figure 1.5 Chemical structure of DHICA molecule with catechol and carboxyl moieties elucidated by black ellipses. b) Two-cantered Hydrogen bond between DHICA molecules with opposing carboxyl moieties (outline by red ellipse) in formation of dimer. Three-centered Hydrogen bonds between hydroxyl group and carboxyl groups of DHICA molecules in formation of trimer (outline by blue ellipses). Images adapted from[17].

Figure 1 . 6 .

 16 The most commonly obtained self-assembled structure is presented in Figure1.6 a) structure which consists of perpendicularly oriented DHICA dimer couples. The another observed structure into self-assemblies of DHICA is in a brick wall structure, as shown in Figure 1.6 b), where DHICA molecules are arranged into highly dense linear packing. The last major structure is referred to a ladder phase in the Figure 1.6 c), where DHICA molecules are conformed in a similar open lattice structure, arranged in perpendicular rows of monomers and dimers, thus forming the porous square motif. Supported by DFT simulations structures represented in (Figure 1.6 d), e), f)), all polymorph structures are contributed to the same bonding motifs: DHICA molecules are arranged in dimer pairs, stacked side by side with their functional groups pointing toward the COOH dimers or catechol dimers that depends of the observed lattice. The annealing of self-assembled phases did not alter the molecular arrangement neither the coexistence of multiple phases disappeared by changing the ratio of the adsorbed DHICA molecules on Au(111) surface.

Figure 1 . 6

 16 Figure 1.6 STM images of DHICA self-assembled network with represented polymorphism on Au(111) surface influenced by simple or two-centered and bifurcated or three-centered Hydrogen bonds, 10 nm x 10 nm (It=0.1 nA, Vt=0.9 V, T=RT). a) open lattice, b) brick wall (It=0.1 nA, Vt=0.9 V) and c) ladder phases (It=0.1 nA, Vt=0.6 V). DFT simulated structures corresponding to a), b), c) are shown in d), e), f), respectively. Two-centered Hydrogen bonds are outline by red color ellipses while three-centered Hydrogen bonds are outline by blue color ellipses. Images adapted from [17].

Figure 1 . 7

 17 Figure 1.7 Self-assembly structures after depositing different coverages of DDA molecules on the Au(111) surfaces held at room temperature. a)-c) STM images after deposition of DDA molecules on the Au(111) surfaces, with the evaporation temperature of 40 ℃. The molecular coverage is 0.02 ML for a), 0.1 ML for b) and 0.25 for c). d) STM images after depositing 0.25 ML of DDA molecules on the Au(111) surface, with the evaporation temperature of 60 ℃. The scanning parameters are It = 500 pA, Vt = -1 V for a), It = 20 pA, Vt = -1 V for b), It = 400 pA, Vt = -1 V for c) and It = 500 pA, Vt = -1 V for d). e)-h) DFT optimized structural models of the self-assembly phases given in a)-d), respectively. The scale bar is 5 nm for a), b), c) and 2 nm for d). Adapted from[18].

Figure 1 .

 1 Figure 1.8 a) Structure of tailored molecules 1,4-Bis(4′-cyanophenyl)-2,5di(decyloxy)benzene (OPP-3Ph) molecule b) AFM topography image of OPP-3Ph self-assembled network on HOPG surface, 50 x 50 nm 2 c) Profile of 8 periods of OPP-3Ph network on HOP surface taken from topography image of Figure 1.8b). d) Adsorption model of OPP-3Ph self-assembled network on HOPG surface govern by van der Waals interactions between interdigitated alkyl chains.Images adapted from[20].Inthe work of C. Peng et al. self-assembled phase transition of N-decyldecanamide (DDA), (Figure 1.7 presents straight and bent configuration of DDA CPK model) on Au(111) surface

. 7 .

 7 At very low molecular coverage (0.02-0.1 ML), DDA molecules self-assembled into hexagonal-porous (Figure 1.7 a)) network and well-ordered rhomboid porous network (Figure 1.7 b)).

  .8 b)). Each bright strip on AFM images at Figure 1.8 b) represents the interdigitation of lateral alkyl chains which is promoted by Van der Waals interactions, as elucidated by supramolecular adsorption model of OPP-3Ph/HOPG interface (Figure 1.8 d))

Figure 1 . 9

 19 Figure 1.9 Left panel: Chemical structure the DFT optimized geometries of the quinonoid zwitterion molecules used for this study. (1) PZI, (2) EZI, and (3) BZI. The arrow in (1) indicates the direction of the intrinsic dipole. Oxygen atoms: red color, Carbon atoms: grey color, Nitrogen atoms: Blue color. a) STM images of PZI, EZI and BZI self-assemblies on Au(111) surface. b) STM images of PZI, EZI and BZI self-assemblies on Ag (111). c) STM images of PZI, EZI and BZI on Cu (111) surface. Images are adapted from [21].

Figure 1 .

 1 Figure 1.10 a) Model of heteroleptic double-decker molecule where upper part is 5,15diarylporphyrin molecule designed to act like rotor. Lower part of molecule is naphthalocyanine designed to anchor on surface and act as stator. The linkage od upper and lower part of molecule is europium (III) ion. b) STM image of self-assembled molecular rotors in hexagonal arrangement on Cu(111) scanned at 80 K. c) STM image showing a switching direction of rotators indicated by the green arrows to that indicated by the blue arrows (∼10° rotation), below a line indicated with the yellow arrow (Vt=-2.3V, It=2×10 -10 A). d) STM image of a hexagonal rotor network ('0' is referred to dipole; '1' to'6', to nearest neighbors) showing color (height) contrast between the opposite rotator arms and its inset of hexagonal dipole network model with indicated orientation of dipole.[23] 

Figure 1 .

 1 Figure 1.11 a) and c) Chemical structures of PVBA 4-[trans-2-(pyrid4-yl-vinyl)]-benzoic acid with the 2-D chiral species labelled by λ and δ and PEBA 4-[(pyrid-4-yl-ethynyl)]-benzoic acid. b) Monolayer structure of PVBA on Ag(111) surface in formation of the rows with head-to-tail coupling. Because of space limitations, some molecular rows appear brighter in STM images and presumably are displaced vertically to reduce strains. d) PEBA two-dimensional islands on Ag(111) surface and closer inspection of one of the enantiomorphism structures of PEBA islands on Ag(111). Images adapted from[24].

Figure 1 .

 1 Figure 1.12 a) Ab initio relaxed structure of a free twin chain PVBA molecules with antiparallel orientation of the two adjacent rows. b) Simulations for the 2-D ordering of PEBA molecules in islands. b) and c) are the possible arrangements of PEBA islands, considered by two mirrorsymmetric surface unit cells. b) represents the energetically favorable configuration. Images adapted from [24].

  .13 c)), the a) b) c) Supramolecular self-assemblies and on-surface synthesis 14 T-shaped conformation of aromatic rings where one aromatic ring is oriented perpendicular to the adjacent aromatic ring (Figure 1.13 a)) and parallel conformation of aromatic ring where each of them are displaced for particular value (Figure 1.13 b)

Figure 1 .

 1 Figure 1.14 a) Chemical structure of 1,5-triazole molecule constituted of triazole ring linked with biphenyl and phenanthrene aromatic moieties. b) Two possible conformers, of 1,5-triazole shown as P and M resulted from the sterical hindrance between phenanthrene and biphenyl groups. c) Corral formed ring shaped nanostructures of 1,5-triazole molecule deposited onto Cu(111) surface confined at P and M conformers, 8 nm x 8 nm. The optimal adsorption configuration of two isolated gas-phased 1,5-triazole molecules onto Cu(111) surface determined by DFT calculations. Images adapted from[26].
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 115 Figure 1.15 Schematic representation of HBTP post-annealed nanostructures on Au(111) (topleft), Cu/Au(111) top right, Cu (111) (bottom-left), and Ag (111) bottom-right) surfaces. Image adapted from [28].

  Figure 1.15, due to the high chemical reactivity of Cu (ad)atoms and stabilization of organo-metallic intermediate state, the formation of covalently bonded cyclic structures was hindered while on other surfaces such as Au(111), Ag(111) and Cu/Au(111) polymerized reactions was finalized by two-dimensional polycyclic network. More precisely, on Cu(111) surface, debromination of all HBTP molecules yield toward biradical aryne moieties that bind Cu adatom trimers to form organo-cupper framework that are resisted towards [2+2] cycloaddition reaction even after thermal annealing at 300° C. Given by low chemical reactivity of the Au(111) surface, covalently-linked HBTP molecules consisting of four and six member rings are formed without going through an organogold intermediate. Once the 10% ML of Cu atoms are deposited on Au(111) surface, the polymerization reaction is directed towards HBTP molecules bonded to Cu adatom dimers to form organo-copper complexes which act as an intermediate of the [2+2] cycloaddition thus leading the covalently bonded structure after addition annealing. It is notable to underline that resulted covalently bonded nanostructures on Au(111) and Au(111)/Cu surface are still regio-brominated and not extensively disseminate on the surface, often observed as covalently bonded dimers or trimers. However, in the case of Ag(111) surface, HBPT molecules are fully debrominated and polymerized at final state of [2+2] reaction [28]. Partial debromination occur in the room-temperature of Ag(111) surface and after the elevating temperature of annealing at 290 °C, more completed hexagons and pentagons are formed as presented in figure 1.16 a).

Figure 1 .

 1 16 b) shows magnified image of complete hexagon with a measure length of 1.49 nm, corroborating the structural model shown in Figure1.16 c) which is composed of six, covalently linked, HBTP molecules inter-linker by four-member rings.

Figure 1 .

 1 Figure 1.16 a) STM image showing covalently linked structures formed after annealing of HBPT at 290° C on Ag(111). b) and c) Magnified STM image and corresponding structural model of hexagon linked HBPT molecules via 4-membercyclic oligomers and the corresponding structural model. d) STM image showing the porous networks formed by depositing HBPT molecules onto Ag(111) surface annealed at 290°C. Images adapted from[28].
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 1 Thermally induced on-surface formation of covalently bonded nanostructures at ambient conditions

Figure 1 .

 1 Figure 1.17 a) Scheme of self-condensation of BDBA molecules (1) resulting into 2D COF porous structured single layer (2) with indicated unit cell (labelled by red color). b) STM image (68 x 68 nm), of 2D COF single layer of BDBA molecules on HOPG surface after heating which consists of bordering domains with porous nanostructures, scanned at ambient conditions and solid/air interface. c) High-resolution STM image of 2D BDBA COF scanned at ambient condition and solid/liquid interface, with pointed defect due to missing monomers (outline by white dashed circle). d)Profile that correspond to the blue line in figure1.17 c) which presents height of COF monolayer in value of 0.3 nm that indicates monolayer thickness[START_REF] Dienstmaier | Synthesis of Well-ordered COF Monolaters: Surface Growth of Nanocrystalline Precursors versus Direct On-Surface Polycondensation[END_REF].
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 118 Figure 1.18 Two mechanisms of photochemical reaction on a molecule adsorbed on a surface: a) Intermolecular excitation of one electron from the HOMO state to the LUM0 state due to the light-absorption (ADS) and b) mechanism based on attachment of one photoexcited hot electronof the substrate to the LUMO state od adsorbates. White and black spots correspond to the holes and electrons, respectively. Images adapted from[START_REF] Palmino | Photochemistry Highlights on On-Surface Synthesis[END_REF].

  substituents that anchor onto surfaces. UV photopolymerization of twodimensional self-assembled network was reported by Deshpande et al. by utilising 10,12pentacosadiynoic acid (PCDA) as molecular building blocks on epitaxial graphene surface[START_REF] Deshpande | Self-Assembly and Photopolymerization of Sub-2 nm One-Dimensional Organic Nanostructures on Graphene[END_REF]. The functional region of PCDA molecule where covalent linkage should occur correspond to diacetylene core, as presented in the Figure1.19 a).

Figure 1 .

 1 Figure 1.19 a) Schematic representation of self-assembled 10,12-pentacosadiynoic acid (PCDA) molecules before and after exposition of UV light. b) STM image of large size of PCDA supramolecular network on epitaxial graphene surface before UV irradiation.c) Highresolution STM image of intact PCDA self-assembled network with labelled central diacetylene headgroup (H), short carboxylic-terminated alkyl chain (S) and the long methyl-terminated alkyl chain (L). d) STM image of large-scale size after UV photopolymerization of PCDA selfassembled network on epitaxial graphene. e) STM image of PCDA self-assembled network afterUV irradiation with photopolymerized conjugated backbone observed as bright STM contrast with respect to adjacent unpolymerized PCDA molecules. Images adapted from[START_REF] Deshpande | Self-Assembly and Photopolymerization of Sub-2 nm One-Dimensional Organic Nanostructures on Graphene[END_REF].

Figure 1 .

 1 Figure 1.20 STM image of PCDA/graphene interface after UV illumination (254 nm). Left panel of the image shows bright line corresponds to the photopolymerized chain. Right panel of image shows PCDA network before polymerization. Image adapted from [31].
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 21 Figure 2.1: a) Piezo xyz tube [5]. b) Illustration of piezoelectric tube with STM tip.

Figure 2 .

 2 Figure 2.2 shows the example of a one-dimensional potential barrier with width d and height Vo, where electron with energy E propagates from the left on the z-axis. In this case, we can discern the analogy of the electron tunneling through the potation barrier, as the electron propagates from the tip to sample or inverse.

Figure 2 . 4

 24 Figure 2.4 Scheme illustration of the Tersoff-Hamann approach. The tip is modelled by a sphere of radius R which possess the s-wave orbital. Dt presents the density states per unit volume of the tip and φ is work function, ρs (𝑟 0, ⃗⃗⃗⃗⃗ 𝐸 𝐹 ) which presents the density of the state of the surface (LDOS). Finally, this equation with integration of local density state at Fermi level becomes:

2. 2 . 1

 21 STM Microscope: VT-UHV-STM The microscopy that I have used during my thesis in Ultrahigh Vacuum conditions is VT-UHV-STM (Variable Temperature Ultra High Vacuum Scanning Tunneling Microscope) by Omicron technology, in which sample can be cooled down until 110 K and heated up until 500 K. (Figure 2.6)

Figure 2 . 5

 25 Figure 2.5 System of the pumps for reaching ultrahigh-vacuum: a) rotary-vane pump; b) turbomolecular pump; c) ionic pump. The images adapted from [10].

Figure 2 .

 2 Figure 2.7 a) Illustration of the contraction on the surface caused by registry of Au 23 atoms per unit cell on 22 Au atoms in the bulk. b) Schematic of the Au(111) reconstruction from the top view illustrating the incorporation of additional Au atoms (black spots-surface layer) and the resulting transition between fcc and hcp domains[12]. c) STM image of Au(111) surface.

Figure 2 .

 2 Figure 2.8 a) STM images of Si(111)-B √3 x √3R30° surface, 8.7 x8.7 nm 2 , It= 50 pA, Vs= 1,5 V b) Top view of the surface with silicon adatoms (blue and white circles) and boron atoms (yellow circles). b) The element lattice of primitive Si(111) is presented by blue rhombus on the top right part of image, marked as 1×1 with a lattice constant of 0.384 nm, while the yellow rhombus marked √3×√3 presents the element lattice of reconstructed Si(111)-B with a lattice constant of 0.665 nm, adapted from[7]. c) Side view showing the position of diffused boron atoms (site S5) underneath the site T4 of the first layer silicon[13].

Figure 2 .

 2 Figure 2.9 a) Etching power supply with electro-chemical facilities for etching the tip: cathode (metallic circle) inside the glass where contains NaOH solution. b) Tungsten wire that will be etched has a role of anode. c) SEM image of STM tip prepared with etching procedure, adapted from [15]. Electrochemical reaction attacks the immersed part of the wire and occurs in further steps:

Figure 2 . 10

 210 Figure 2.10 Evaporation system for sublimation of molecules: a) Kentax UHV molecular evaporator. b) Cooling pipes and cooling tank for preventing overheating of the adjacent crucibles during sublimation. c) Three places inside the Kentax for three crucibles. d) Quartz crucible with molecules in solid state. Images adapted from [16].
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 2 13) VLJ = 4 ε [(

Figure 2 .

 2 Figure 2.10 The Lennard-Jones potential between two non-charged atoms. The image adapted from [18] .The probe is the central element of AFM consisted of AFM tip and force sensor, which role is to examine the repulsive and attractive part of potential accurately. The force sensor in an AFM is constructed of silicon or silicon nitride cantilever with optical detection. While the AFM tip traces the sample, different forces, attractive or repulsive, modify the deflection of torsion of

Figure 2 .

 2 Figure 2.11 The Bruker high-resolution AFM tip (SA-HPI-SS) made of silicon-nitride material: a) tip schematic and b) cantilever schematic representation. The images adapted from [19].

2. 3 . 4

 34 The Peak Force Tapping Mode QNM For the experiments in Chapter 4 in my thesis, I used AFM (Dimension Icon SPM System) Peak Force Tapping Mode (with Quantitative NanoMechanics, as an extension of Peak Force Tapping), a Bruker-patent technique as a breakthrough in AFM imaging. Presented in the Figure 2.15 Peak Force Tapping Mode operates in a similar way as a standard Tapping modeit avoids lateral forces by oscillating the cantilever and lightly tapping the sample's surface by the tip.

Figure 2 .

 2 Figure 2.14 Dimension Icon SPM Feature. Left image: The AFM equipment for scanning at ambient conditions: acoustic hood for isolation, VT-1000 air table for mechanical isolation, stage and AFM head; right-up image: AFM head with laser beam ON and magnetic sample supporter; right down image: AFM tip placed on the tip supporter which is fixed on the AFM head.

Figure 2 .

 2 15 b)), presented by the left dashed line. When the tip is approaching the surface, it is attracted by long-range attractive Van der Waals interaction, which causes the tip to touch the surface. The tip will stay onto the surface until the setpoint of Peak force is reached (position B in Figure 2.15 b). The contact determined by the short-range repulsion Van der Waals interaction, dominates between the sample and tip interaction, and just in the moment of entering the maximum adhesion point (position D in Figure 2.25 b)), it withdraws from the sample's surface (position E in Figure 2.15 b)). The probe is repeating the cycle at a fixed frequency with typical value of 2 kHz. Peak Force Tapping Mode is extended with Quantitative Nanomechanics Measurement, and it is based on a single force-distance curve (FD curve), which is extracted when the AFM tip is approached to and retracted from the sample.

Figure 2 .

 2 Figure 2.15 a) The tip oscillates 300 nm above the sample A/E; tip taps the sample in position C. b) "The heartbeat" of Peak Force QNM defining the sinusoidal z-motion of the tip in the function of the time-blue line indicated approach and red line indicates retract. The images adapted from [21].The FD curve consists of approach FC curve (red line) and retraction FD curve (blue line), and it can quantify the height, adhesion, deformation, and dissipation of the scanned sample as it is shown in Figure2.16. 

Figure 2 .

 2 Figure 2.16 a) Force-distance (FD) curve. b) Mechanical properties, as adhesion, modulus, deformation and dissipation extracted from the FD curve, adapted from [22] . Modules: Module image enables measuring the effective Young's modulus of the tip-sample interface Etot by FC curve knowing the tip radius. The relationship between the radius of the tip and Etot is defined by:

Figure 2 . 17

 217 Figure 2.17 The mechanical properties of the human IgM antibodies obtained using Peak Force Tapping Mode QNM in a liquid environment. The image adapted from[23].

Figure 2 .

 2 Figure 2.17 a)The atomic structure of HOPG in 3D, the dashed lines indicate distance between two layers of 0.34 nm. The distance between two adjacent carbon atoms is 0.14 nm. The unit cell of HOPG is represented by two vectors,𝑣 and 𝑢 ⃗ . The image adapted from[24] b) HOPG substrate are purchased from Bruker Company.

Figure 2 .

 2 Figure 2.18 a) Spin coater. b) VO Memmert HeaterSpin coating was used to prepare all molecular layers in the experiments in Chapter 4. Initially, the HOPG surface was cleaved with scotch tape until obtaining a completely clean and flatten layer. The solutions of organic molecules were deposited in the surface, and the spin coating was carried out for 20 seconds with chosen value of rpm which is defined as numbers of turns in a minute. For our experiments, we have utilised range of 850 to 1000 rpm to obtain one monolayer and less of one monolayer of molecules on HOPG surface. After the spin coating technique, the sample was transferred in the VO Memmert Heater to evaporate the organic solvent.

Figure 3 .

 3 Figure 3.1 a) STM image of 1,5 dichloropentane (DCP) molecules on Si(100) 2x1 surface imaged as bright features arranged in perpendicular manner to the Si-dimer rows. The direction of the line growth is shown by white arrow. b) Top view and side-view of DCP molecules on Si(100) surface. Black dashed lines present the centre of the Si-dimer rows throughout, blue spheres present Cl atoms and blue dotted lines the physisorption interaction. The black arrows indicate the adsorbate dipoles and the long red arrow points in the direction of line growth. A structural model of 1,5-DCP molecule is shown in the right inset. c) Molecular features (bright protrusions) lie to one side of the dimer rows and a height profile taken along the blue line in the STM image is shown in Figure 3.1 d). The point 'A' in the line denotes Si dimer, and the highest point in profile 'B' corresponds to the midpoint of the adsorbed DCO molecule. d) At bias voltage (2.3 V), the average height of the molecular feature with respectto the Si dimer is 0.7 Å. Images adapted from[11].

  this study, the combination of experimental and calculation results of selfassembly of dipolar molecules as adsorbates on the surfaces will be discussed. The molecule that we utilized for these experiments is 1-(4"-cyanobiphenyl)-4-(4"-methoxybiphenyl)-2,5bis(decyloxy)benzene molecule. The chemical structure of LdipCC molecule is outlined in Figure3.2.

Figure 3 . 2

 32 Figure 3.2 Representation of CPK structure of 1-(4"cyanobiphenyl)-4-(4"-methoxybyphenyl)-2,5-bis (decyloxy) benzene (LdipCC) molecule. Nitrogen atom: blue, Oxygen atoms: red, Carbon atoms: yellow, Hydrogen atoms: white. The length of a LdipCC molecule is 2.7 nm and the lateral length is 1.42 nm. The angle that one terminal of the molecule closes with the rest part of the molecule is 120°.The molecule consists of methoxybiphenyl group and cyanobiphenyl group, both connected to the central phenyl ring. The LdipCC molecule exhibits dipolar moment due to the cyano group, which provides electron-acceptor properties and the methoxy group, which gives its electrondonor functionality. Both groups are distanced by 2.7 nm, which corresponds to the distance of five phenyls between them. Besides, the LdipCC molecule consists of two lateral alkyl chains constituted by three carbon atoms, which are linked by oxygen atoms (propyloxy chains) to the central phenyl ring. The distance between the extremities of two propyloxy chains is 1.42 nm.

  STM study of the self-assembly of dipolar molecules on the Au(111) and the Si(111)-B surfaces 56 results regarding LdipCC self-assembly on Au(111) surface (section 3.1)[12],[13]. However, for the sake of revealing molecular orientation into self-assemblies on Si(111)-B surface (section 3.2), our experimental results were upgraded by DFT and STM simulations which were performed in collaboration work with Dr. Alain Rochefort and his PhD student, Hamed Abbasian, from Polytechnique Montréal, Department de génie physique, Montréal in Canada and demonstrated as it follows. The most stable geometry of gas phase LdipCC molecule was obtained by Density Functional Theory and presented in Figure 3.3.

Figure 3 . 3

 33 Figure 3.3 Most stable geometry of LdipCC molecule obtained from DFT calculations with indicated Mulliken population and dipolar moment of LdipCC molecule.

used 6 -

 6 311G basis sets to describe all H, C, O and N atoms. The obtained optimization geometry of LdipCC molecule is shown in Figure 3.3 which presents the most stable geometry of LdipCC molecules with its propyloxy chain rotated out of plane. This conformation was found to be 10 meV more stable with the comparison of performed series of full optimization cycles where the starting geometry was modified by rotating different segments of molecule. The Mulliken population (a negative value indicates electron accumulation) of different atoms among the terminal groups in LdipCC molecule indicates that both -CN and -OCH3 groups are electron rich regions with a calculated dipole moment of 7.0 Debye orientated along the molecular axis toward the methoxy fragment. STM study of the self-assembly of dipolar molecules on the Au(111) and the Si(111)-B surfaces 57This result is significantly different from the measured dipole moment for LdipCC molecules by semi-empirical computational method (AM1 in Gaussian package).

Figure 3 . 4

 34 Figure 3.4 Wavefunction contours of HOMO and LUMO for the LdipCC molecule. Additional DFT calculations were performed in order to reveal the chemical nature and composition of frontier orbitals of absorbed LdipCC molecules. In Figure 3.4, we show the comparison between HOMO and LUMO of a single LdipCC molecule in a gas phase. HOMO of LdipCC molecule is localized in the vicinity of the methoxy branch. This result is in accordance with DFT calculations of an optimized gas phase structure of LdipCC molecule where the highest value of Milliken population was indicated by oxygen atom of methoxy group. LUMO of LdipCC molecule is centralized among the cyano fragment. The Chapter 3 of this thesis is structured as follows: (Part I: Section 3.1) STM study of selfassembly of dipolar LdipCC molecules on Au(111) surface under UHV and an inertatmosphere, followed by (Part II: Section 3.2) STM study of self-assembly of dipolar LdipCC molecules on Si(111)-B surface under UHV. The major study of Section 3.1 (STM study of self-assembly of dipolar LdipCC molecules on Au(111) surface under UHV and an inertatmosphere) is focused on development of extended two-dimensional self-assembled network of dipolar LdipCC molecules on Au(111) surface, supported by analysis of HR-STM images and adsorption models of supramolecular network. A considerable study of developed twodimensional supramolecular network of dipolar LdipCC molecules on Au(111) is examined under an inert-atmosphere and presented in section 3.1.3. The major study of Section 3.2 (STM study of self-assembly of dipolar LdipCC molecules on Si(111)-B surface) is focused on development of periodical and highly-extended two-dimensional network with periodical alignments of molecular dipoles onto Si(111)-B surface, supported by analysis of HR-STM images, DFT calculations, STM simulations and adsorption models of formed supramolecular network. The last part of this chapter is dedicated to the comparison between self-assemblies of dipolar molecules on Au(111) and Si(111)-B surfaces and govern forces (molecule-molecule

3. 1 . 1

 11 Self-assembling of LdipCC molecules on the Au(111) surface and characterization of submonolayer molecular coverage by UHV-STM The LdipCC molecules were evaporated from the quartz crucible at 205°C onto the reconstructed Au(111) surface, which was maintained at room temperature.

Figure 3 .

 3 Figure 3.5 a) STM image of LdipCC/Au(111) with a coverage of 0.3 monolayer (30 x 30 nm 2 ), VS= -1.9 V, It = 10 pA, 110 K). b) STM image of LdipCC/Au(111) with a coverage of 0.5 monolayer (57 x 57 nm 2 , VS= -1.8 V, It = 10 pA, 110 K) with its inset of formed "porous-like" supramolecular network, 30 x 30 nm 2 .The STM head was cooled down until 110 K. We examined the self-assembly of LdipCC molecules at different molecular coverages onto the surface, starting with the characterization of submonolayer coverage. The initial deposition of LdipCC molecules was performed at low molecular coverage (0.3 monolayer), which resulted in the formation of unorganized molecular

Figure 3 .

 3 Figure 3.6 a) High-resolution STM image (9.3 x 9.7 nm 2 , VS= -1.8 V, It= 10 pA, 110 K of LdipCC/Au(111) for a coverage of 0.5 monolayer. Red ellipse elucidates bright feature with its size of 2.7 nm. b) The porous-like network of LdipCC molecules on Au(111) surface at 0.5 nm with molecular arrangement into double parallel rows (indicated by black arrows) and interposed molecules between each second line, outline with blue ellipses. (21.8 nm x 29.4 nm 2 , Vs= -1.8 V, It= 10 pA).

Figure 3 .Figure 3 .

 33 Figure 3.6 a) represents a high-resolution STM image depicting the bright features that are observed into the porous self-assembled network with their specific cross-shape appearance and correspondent size of 2.7 nm. The size and the shape of observed features are in correspondence to the extent of LdipCC molecule. Therefore, each bright cross-shape feature, we contribute to the LdipCC molecule. The LdipCC molecules are arranged in the two dimensional, nanoporous network. As outlined in Figure 3.6 b), in one direction, LdipCC molecules assembled in the formation of two parallel rows which are indicated by black arrows. In another direction, the LdipCC molecules are interposed (labelled by blue ellipses) quite vertically next to each second line regarding the molecules arranged into parallel rows. The comprehensive examination of Figure 3.6 a) is presented in Figure 3.7 a), which elucidates the angle (colored by red) between two directions of the self-assembling of LdipCC molecules into two-dimension on the Au(111) surface, with its value of 47°. One of the terminals of each LdipCC molecules possess slightly observed elbow, which could enhance methoxy groups of LdipCC molecules distinguishable from the rest of the molecule on the STM images. The observed angles are highlighted with by the blue circles in Figure 3.7 a). Although the molecule is unsymmetrical, on the basis of high-resolution STM images, we are enabled to build model

Figure 3 . 8

 38 Figure 3.8 Proposed molecular model of the LdipCC adlayer at 0.5 monolayer coverage on Au(111) surface. The white dashed rectangle highlights the Van der Waals interaction between two interdigitated alkyl chains. In the insert, the white dashed ellipse surrounds the Hydrogen bonds between two consecutive molecules involved in the double rows. The double white ellipse highlights the three-centered Hydrogen bond between one nitrogen atom of a cyano group and two H atoms of two adjacent molecules.

3. 1 2

 1 The development and the characterization of one monolayer of dipolar LdipCC molecules on the Au(111) surface by UHV-STM The molecular deposition was increased in order to reach the monolayer coverage of LdipCC molecules on the Au(111) surface. Figure3.9 a) represents a large scale size STM image that emphasizes a complete molecular coverage of LdipCC molecules starting from the gold step edges and extending along the gold surface's terraces.

Figure 3 .

 3 Figure 3.9 a) Large-scale STM image of a monolayer of LdipCC deposited on an Au(111) surface with sub-molecular resolution on each molecule (70 x 70 nm 2 ) VS = -1.2 V, It = 10 pA, 110 K). b) STM image of a monolayer of LdipCC deposited on Au(111) surface with sub molecular resolution on each molecule (30 x 30 nm 2 ) Vs= -1.9 V, It=10 pA, 110 K). Black dashed lines surround the periodic domains of LdipCC/Au(111). Domains numbered with 1, 2 and 3 are regular domains while 4 corresponds to local defect. 𝒖 ⃗ ⃗ and 𝒗 ⃗ ⃗ are the vectors that describe the unit cell of the network.The formed monolayer is characterized as a compact and two-dimensional network. The lower scale size presented as Figure3.9 b) shows a supramolecular network of LdipCC molecules and its constitution of fused periodic domains, which are bordered by grain boundaries. The domains labelled by numbers one, two, and three are regular domains characterized by periodic repetition of the unit cell. In contrast, the domain labelled by number 4 is characterized as a local network defect. The unit cell of each periodic network has a parallelogram shape (white dashed parallelogram in Figure3.9 b)), defined by vectors 𝑢 ⃗ and 𝑣 with their absolute value of |𝑢 ⃗ |= 3.57 nm and |𝑣 |= 2.47 nm. The corresponding area of parallelogram shape unit cell is 7.05 nm 2 with a molecular density of 2.3 molecules per nm2 . Each unit cell is composed of three bright features showing a cross-shape with a length of 2.7 nm and lateral length of 1.42 nm. The high-resolution STM in Figure3.10 a) represents the zoomed area of a monolayer network and profoundly exemplifies that each molecule has an elbow of 120°, which is implanted on one of the terminals of each LdipCC molecules. Indeed, the elbow of LdipCC molecules on STM images represents the methoxy moiety. Detailed inspection of formed monolayered

Figure 3 .

 3 Figure 3.10 a) High-resolution STM image (6 x 7 nm 2 , Vs= 1.0 V, It = 10 pA, 110 K) LdipCC/Au(111). 𝒖 ⃗ ⃗ and 𝒗 ⃗ ⃗ are the vectors that describe the unit cell of the network. The angle colored in orange represent the angle between the vertically interposed molecule and two parallel molecules. The angle colored in red represent the visible terminal elbow on each LdipCC molecule with its value of 120 °. b) Proposed supramolecular model of LdipCC adlayer of one monolayer coverage on Au(111) surface which correspond to the STM image of Figure 3.11 a). The green arrows correspond to the orientation of LdipCC molecules and their dipoles in self-assembled network. The model of LdipCC/ Au(111) adlayer is presented in Figure 3.10 b). The molecules colored in yellow are aligned parallel to each other and presented as LdipCC dimers. On account of the resolved methoxy group, we can distinguish the antiparallel orientation of each LdipCC molecule and their molecular dipoles (labelled with green arrows in Figure 3.10 b)). The molecules colored by blue in the model of LdipCC/Au(111) adlayer are vertically interposed regarding to the parallel dimers. If we want to provide studious characterization of the govern force for the formation of two-dimensional network of dipolar LdipCC molecules, it is necessary to investigate the molecule-molecule interactions that stabilize molecules into the elemental cells and interactions that stabilize two adjacent cells towards the formation of the supramolecular network into two-dimension. Figure 3.11 presents the model of supramolecular organization of LdipCC molecules in monolayer coverage on Au(111) surface, constituted of two sections. First section (left panel) presents the inset of the unit cell of LdipCC self-

  STM study of the self-assembly of dipolar molecules on the Au(111) and the Si(111)-B surfaces 65 dipoles oriented in antiparallel fashion, have determined orientation, while the molecules arranged vertically regarding the LdipCC dimers, are capable to adopt another orientation to some extent, which corresponds to rotation of 180°, as observed in blue bordered rectangle in STM image of Figure 3.13 a) and adsorption model of LdipCC/ Au(111) adlayer in Figure 3.13 b).

Figure 3 . 12

 312 Figure 3.12 The inset of the proposed molecular model of LdipCC adlayer with the two adjacent elemental cells bordered by blue line. The white square (labelled 4) surrounds the two Hydrogen bonds between two cyanophenyl moieties of two aligned molecules.

Figure 3 .

 3 Figure 3.13 a) High-resolution STM image (13 x 15 nm 2 , Vs= -1.0 V, It= 10 pA, 110 K) LdipCC/ Au(111). The blue bordered rectangle presents the domain with conformation of methoxy group "down" of vertically interposed LdipCC molecules. b) Adsorption model of LdipCC/Au(111) adlayer with "down" configuration of LdipCC molecules. Intermolecular interactions (1,2,3 and 4) are identical as the intermolecular interactions presented in "up" configuration of LdipCC molecules in Figure 3.10 b).

Figure 3 .

 3 Figure 3.14 STM images of a monolayer of LdipCC molecules deposited on Au(111) surface and recorded after exposition to a nitrogen pressure of 1 bar. a) High-resolution (20 x 20 nm 2 , Vs= -1.0 V, It = 10 pA, 300 K) showing that supramolecular organization is preserved, as highlighted by 𝒖 ⃗ ⃗ and 𝒗 ⃗ ⃗ are the vectors. b) Large-scale STM image (50 x 50 nm 2 , Vs= -1.1 V, It = 7 pA, 300 K) showing that the size of the domains is not modified after nitrogen exposure. The three domains D-labelled correspond to disordered area.

Figure 3 .

 3 15 presents the obtained STM image of dipolar LdipCC supramolecular network on Si(111)-B surface performed at large scale size image. Only large and two-dimensional network of LdipCC molecules on Si(111)-B surface was obtained, without any observation of individual molecules onto surfaces. The closer inspection of the self-assembled LdipCC molecules on Si(111)-B surface is presented in Figure 3.16 a) and it reveals the presence of domains which are outline as areas bordered by grain boundaries. Each domain possesses periodic arrangement of several bright protrusions.

Figure 3 .

 3 Figure 3.15 Large-scale STM image of a 0.9 monolayer of LdipCC on Si(111)-B surface with submolecular resolution on each molecule (98 x 106 nm 2 , Vs = +1.9 V, It = 10 pA, T = 110 K). High-resolution STM image of Figure 3.16 a) with its inset in the upper right corner shows a regular domain of the LdipCC/Si(111)-B supramolecular adlayer near a step-edge of a molecular network with its periodically arranged unit patterns. In each unit pattern, we can distinguish two different features which are outline by white ellipse and white dashed ellipse in the inset of Figure 3.16 a) and zoomed STM image of Figure 3.16 b). As presented in the Figure 3.16 b), the basic unit cells is of parallelogram structure, determined by its vectors 𝑢 ⃗ and 𝑣 and

Figure 3 .

 3 Figure 3.16 a) High-resolution STM image of a 0.9 monolayer of LdipCC molecules on Si(111)-B surface with domains bordered by grain boundaries. The white dashed rectangular in the down, right corner presents the inset of the Figure 3.16 a) in upper right corner. The repetitive unit pattern of formed supramolecular network consists two features outlined by white ellipse and white dashed ellipse in the inset. Vectors 𝑢 ⃗ and 𝑣 are the vectors of the unit cell of supramolecular network. (25 x 25 nm 2 , VS = +2.3 V, It = 10 pA, T = 110 K). b) A zoomed STM image of step-edge island with a defined unit cell of supramolecular LdipCC network. Each unit cell consists of two different bright features, outline by white ellipse and white dashed ellipse. The size of each feature is 2.7 nm. The white, dashed ellipse surrounds a central bright protrusion (black circle) and three darker protrusions (black stars). The white ellipse surrounds four protrusions (black stars). The green dashed lines present the direction of the selfassembling of LdipCC network regarding the symmetry of surface. Vectors 𝑎 and 𝑏 ⃗ are vectors of unit cell of Si(111)-B surface.

Figure 3 .

 3 Figure 3.17 High-resolution STM image of LdipCC/Si(111)-B supramolecular adlayer (7 x 7 nm 2 , VS = +2.3 V, It = 10 pA, T = 110 K) near a step edge. Two different features are observed. The dashed-white ellipse surrounds a central bright protrusion (black circle) and three darker protrusions (black stars). The white ellipse surrounds four protrusions (black stars). The size and distances between protrusions in each feature are indicated. The red arrow indicates the centralized dark zone of separation of the feature in white ellipse. The red, dashed arrow indicates the centralized big bright protrusion of the feature in white dashed ellipse. The inset in right panel corresponds to the blue dashed rectangular of LdipCC supramolecular network on Si(111)-B surface containing two features of the unit pattern that corresponds to two LdipCC molecules.

Figure 3 .

 3 18. The Figure 3.18 a) presents the STM image of LdipCC supramolecular network on Si(111)-B surface with different relative brightness of LdipCC molecule that are observed in STM images of positive bias voltage (Figure 3.17). The bright and dark stripe contrast are altered through the whole network. As shown in Figure 3.18 a), the bright stripes are indicated by white arrows. The Figure 3.18 b) corresponds to the same scanned zone as Figure 3.18 a) but treated with different contrast in SPIP software enhancing the presence of the bright stripe contrast. The close examination of the network is presented in STM image of filled states in Figure 3.19 b) where the difference in relative brightness and contrast of the features is elucidated regarding the relative contrast of the features in STM image of empty states which is shown in Figure 3.19 a).

Figure 3 .

 3 Figure 3.18 High-resolution STM image of LdipCC supramolecular network on Si(111)-B surface scanned at negative bias voltage (26.6 x 23.5 nm 2 , Vs = -1.7 V, It = 10 pA, T = 110 K). Three white arrows on both STM images indicate the bright stripe contrast through LdipCC supramolecular network. a) The image is treated by SPIP software with low contrast between supramolecular network and Si(111)-B surface. b) The image is treated by SPIP software with high contrast between supramolecular network and Si(111)-B surface.

Figure 3 .

 3 Figure 3.19 b) presents the STM image of LdipCC adlayer probed by the filled states. In this case, each feature possesses elongated and dissymmetrical bright protrusions, outline by white circle in the Figure 3.19 b). In the manner of their adjacent arrangement, the bright, elongated protrusions are placed side-by-side. One of the features, which is outline by white ellipse, possess two dark protrusions labelled by two black stars while another feature, outline by white dashed ellipse, possess three dark protrusions, two of them labelled by stars and centralized dark protrusion, labelled by black circle, as shown in the Figure 3.19 b). Each feature observed into LdipCC network at positive and negative bias voltage has a length of 2.7 nm,

Figure 3 .

 3 Figure 3.19 a) High-resolution STM image of empty states (7 x 7 nm 2 , Vs = +2.3 V, It = 10 pA, T = 110 K) of LdipCC/Si(111)-B near a step edge of adlayer. b) STM image of filled states (7 x 7 nm 2 , VS = -1.4 V, It = 10 pA, T = 110 K) of LdipCC/Si(111)-B.At this negative bias, each LdipCC molecule appears in a dissymmetric fashion: an elongated bright protrusion and three or four darker spots (black stars). The two bright elongated protrusions (large white circle) represent a side-by-side pair of LdipCC molecules.Therefore, we can presume that the central phenyl ring of LdipCC molecule is superposed above Si adatom for all the features where by STM imaging we can observe centralized, bright protrusions. In addition, by following the translation vector 𝑢 ⃗ of the unit cell starting from the centralized dark zone of separation of feature outline by white ellipse, it points out on the position between three Si adatoms. In that case, the dark zone of separation of feature in white ellipse, corresponds to the central phenyl ring. Therefore, we can propose additional adsorption site of LdipCC molecule with its central aromatic ring laying between silicon adatoms, for all

Figure 3 .

 3 Figure 3.20 STM image of a step island of LdipCC on Si(111)-B surface with submolecular resolution on each molecule (4.5 x 4.5 nm 2 , Vs = +2.3 V, It = 10 pA, T = 110 K) with superimposed molecules. The central phenyl ring of one molecule is adsorbed over a silicon adatom (surrounded by the dashed white circle), while the second one is adsorbed between two silicon adatoms (surrounded by the white circle), as shown by the dashed lines corresponding to rows of silicon adatoms. 𝑎 and 𝑏 ⃗ are the vectors describing the lattice of the Si(111)-B surface. i and j are the vectors describing the unit cell containing two LdipCC molecules and used for calculations.

Figure 3 . 21

 321 Figure 3.21 Proposed models for parallel PA (right panel) and anti-parallel AP (left panel) arrangement of LdipCC/Si(111)-B. 𝑎 and 𝑏 ⃗ are the vectors describing the surface lattice of Si(111)-B surface. In Figure 3.22 we show the wave-function contours of LdipCC islands that are consisted of four LdipCC molecules. The wave function of these islands at HOMO and LUMO states reproduced the original nature of individual molecules, indicating that the overlap between LdipCC molecules into self-assembled arrangement is relatively weak, supported by small orbital mixing. In parallel conformation of Figure 3.22 a), HOMO/LUMO pairs are well separated into the space while into the antiparallel conformation HOMO/LUMO pairs of orbitals are grouped and places next to each other. The wave-function contours for LdipCC molecules in antiparallel conformation (Figure 3.22 b)) appeared grouped which is more likely to be in agreement with contrast observed in STM images of filled states (Figure 3.19 b)). Therefore, the DFT calculation of anti-parallel arrangement of LdipCC molecules in HOMO state is quite resembled to the experimental STM image, regarding the asymmetrical contrast which is observed by probing filled states of LdipCC molecules in STM image of Figure 3.18. However, the STM contrast observed experimentally for empty state in Figure 3.19 a), does not show a
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 322 Figure 3.22 Wavefunction contours of HOMO (V < 0) and LUMO (V > 0) for LdipCC molecule arranged into a) a parallel and b) anti-parallel (lower panel) arrangement. The calculated dipole moment for the PA and AP arrangements are 28.9 D and 1.7 D, respectively.

Figure 3 . 23

 323 Figure 3.23 Supercell cell of the (a) parallel (PA) and (b) anti-parallel (AP) arrangement on a Si(111)-B surface used in DFT calculations. A side view of the PA arrangement is given in (c) to show the Si-B substrate, where the B atoms (in pink) are sitting under every Si surface adatoms.The calculated Eads values are -5.32 and -4.90 eV/molecule for the PA and AP arrangement, respectively. Regarding the energy of free standing LdipCC arrangement, the AP molecular conformation is more stable than PA which contribute to the minimization of dipolar interactions. However, further DFT calculations revealed that the PA arrangement is more stable than the AP for -0.15 eV/unit (-0.08 eV/molecule) if we take in consideration moleculesurface interaction. The value of -0.15 eV/unit can be broken into -0.85 eV/unit for the molecule-surface interactions, and +0.70 eV/unit for the molecule-molecule interactions. Eventually, if the dipolar LdipCC alignment is dictated by epitaxy of Si(111)-B surface which is promote due to stronger molecule-surface interactions, LdipCC molecules would preferably arrange into parallel manner. This result is in contrary to the DFT calculation of the energy performed for free standing LdipCC arrangement. Therefore, additional STM simulations of AP and PA arrangement of LdipCC molecules on Si(111)-B surface were required. The STM simulations were focused on the LdipCC islands on Si(111)-B surface and carried out with the DyFlex software which is developed in the group of Dr. Alain Rocherfort from Polytechnique Montréal, Département de génie physique in Montréal Canada[19]. The STM calculations used the Tersoff-Hamann theory in conjunction with the ASED-MO theoretical framework[20]. The systems are represented by large-scale molecular models that contain 15 LdipCC molecules (1155 atoms) and a Si(111)-B surface (1700 atoms). The models were built from the relaxed geometries obtained from the DFT calculations. The Figure3.24 presents the STM simulations on large-scale models of LdipCC islands of 15 adsorbed LdipCC molecules in parallel and antiparallel arrangement on Si(111)-B surface. For sake of the clarity, the optimized LdipCC

Figure 3 .

 3 Figure 3.24 STM simulations on large-scale models of LdipCC assembled into (a) anti-parallel and (b) parallel arrangements. The STM models were built from the optimized unit cell obtained from DFT. The models consist of a substrate made of a 3x3 Si(111)-B unit cell, and an adsorbed assembly containing 15 LdipCC molecules. Simulated STM images include the states contained between the Fermi level (EF = 0 V) and +2.5 V for empty states (right panels) and -1.0 V for filled states (left panels). The corresponding experimental images (exp) are shown for comparison.

  STM study of the self-assembly of dipolar molecules on the Au(111) and the Si(111)-B surfaces 78 HOMO and LUMO states of LdipCC molecular organization into parallel and anti-parallel arrangement which resulted by DFT calculation. This statement strongly indicate that the role of the surface is significant to the observed STM signature-contrast into STM images.
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 32533 Figure 3.25 The adsorption model of LdipCC/Si(111) supramolecular adlayer with parallel arrangement of LdipCC dipoles. The vectors 𝑢 ⃗ and 𝑣 are the vectors of unit cell of supramolecular network, while vectors 𝑎 and 𝑏 ⃗ are the vectors of unit cell of Si(111)-B surface.The most striking feature of experimental STM images for filled states (V < 0) are the head-tohead pairs of contrasts that is somehow reproduced in the simulated image of the PA model (Fig.3.24 a), left panel). The STM simulated image of parallel (PA) arrangement at negative bias voltage possess the STM contrast that is well-distributed along the single terminal LdipCC unit and strongly provide agreement with an experimental STM image of the same conditions. In addition, the resulting STM simulated images provide the same continuous appearance of the STM "head-to-head" contrast which is compromise with an experimental STM image of large scale size of extended network. Theoretical results upgraded by STM simulations provide better agreement with experimental STM images, taking in consideration relative spot position and contrast. Therefore, experimental and theoretical results agree that formation of an extended network based on a highly dipolar LdipCC molecules follows the parallel alignment of LdipCC dipoles. In addition, we present the adsorption model of LdipCC network on Si(111)-B surface with their parallel alignment of molecular dipoles in Figure3.25.

Figure 3 .

 3 Figure 3.26 High-resolution STM image of LdipCC monolayer network (central image of 100 x 100 nm 2 , Vs = -0.9V, It = 10 pA, T= 110 K) with frequently observed and periodic domain of LdipCC self-assembling (labelled by number 1) and scarcely observed domain of parallel arrangement of LdipCC molecules (labelled by number 2) with local network defects near stepedge of Au(111) surface (labelled by number 3). High-resolution STM images of LdipCC supramolecular domains on Au(111) surface (left panel: 24.1 x 21.5 nm 2 , Vs= 1 V, It = 10 pA, T= 110 K and right panel: 23.2 x 22.3 nm 2 , T= 110 K)

  STM study of the self-assembly of dipolar molecules on the Au(111) and the Si(111)-B surfaces 81Our analysis has shown that there is hierarchy of intermolecular interactions between the LdipCC molecules of supramolecular network in a monolayer coverage on Au(111) surface, with different strength, such as Hydrogen bonds and Van der Waals interaction[24]. For an instance, in the "porous-like" network LdipCC dimers, which are arranged into parallel molecular rows, exert complete interdigitation thus stabilizing molecular rows by Van der Waals interaction, as shown in the left panel of Figure 3.27. In the contrary, interdigitation of propyloxy chains is observed locally, not between each molecule but between the unit cells of formed monolayered LdipCC network as presented in the right panel of Figure 3.27. Therefore, we could assume that the length of propyloxy chains, which cooperated with a significant role of another molecule-molecule interaction, excluded Van der Waals interaction as the govern force for the self-assembling of LdipCC molecules on Au(111) surface. In the sections 3.1.1 and 3.1.2, the adsorption models of LdipCC/Au(111) adlayer reveals the multiple presence of Hydrogen bonds between LdipCC molecules. In the "porous-like" network formed in submonolayer coverage, the vertically interposed molecule between rows, which presents the inception of two-dimensional extended growth, is stabilized by bifurcated Hydrogen bond between one interposed molecule and two successive LdipCC molecules in the row. Despite the fact that the Hydrogen bond of the type C-H•••N is commonly observed type of Hydrogen bond among LdipCC units on Au(
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 328329 Figure 3.28 The representation of comparison between the effect of Van der Waals interaction and Hydrogen bonding into submonolayer (left panel) and monolayer (right panel) coverage of LdipCC molecules on Au(111) surface.
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 330 Figure 3.30 The hierarchy of the present Hydrogen bonding among LdipCC molecular units into two-dimensional and extended self-assembled network: white ellipse outline CH•••N type of Hydrogen bond, white dashed ellipse outline CH•••O type of Hydrogen bond and white rectangle outline double CH•••N Hydrogen bond.
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 331 Figure 3.31 Adsorption model of LdipCC/ Si (111)-B adlayer with parallel arrangement of molecular dipoles (green arrows) and local dipoles (white arrows) between adjacent LdipCC molecules.Regarding DFT calculations, PA arrangement is more stable than the AP for the value of -0.15 eV/unit (-0.08 eV/molecule) where 0.85 eV/unit is contributed to molecule-surface interactions, and +0.70 eV/unit for the molecule-molecule interactions. This energy difference reflects a complex balance of contribution from at least Van der Waals, dipole-dipole and network energy that would necessitate a more extended study to identify the different contributions. More importantly is that the molecule-surface interactions in the PA arrangement are stronger than the molecule-molecule interactions in the AP or PA phase indicating that effect of underlying substrate influenced aligned arrangement of LdipCC molecules. This statement could be proven by the epitaxial growth of the LdipCC overlay upon Si(111)-B surface. Formed LdipCC supramolecular overlayer follows the symmetry of substrate, which strongly indicates that the

Figure 3 .

 3 Figure 3.32 Comparison between govern forces that induced structural differences into LdipCC self-assemblies on Au(111) and Si(111)-B surface. Left panel suggests that the govern force for the self-assembly of LdipCC molecules on Au(111) are molecular-molecular interactions while the govern force for the LdipCC self-assembly on Si(111)-B surface is govern by molecule-surface interactions.The integers of matrix notation classify the LdipCC supramolecular network on Si(111)-B surface commensurable with the underlying substrate's surface. The presented commensurable epitaxy is of the type point-on-point coincidence (POP), indicating that the molecule-surface interaction is stronger than molecule-molecule interaction[27].

Figure 4 . 2

 42 Figure 4.2 Representation of CPK structure of a 1,4-bis-(4'-vinyl)-2,5-bis(decyloxy)benzene (VINYL) molecule. Carbon atoms: grey color, Oxygen atoms: red color, Hydrogen atoms: white color. The length size of VINYL molecule is 1.8 nm and the lateral length is 3.2 nm. The terminal vinyl moieties are elucidated in the green square of the inset of Figure 4.2.

  On-surface fabrication of covalently bonded nanostructures monitored by HR-AFM at ambient conditions 92 Tapping Mode from Bruker Icon. The molecule that we utilised for the experiment of onsurface thermal polymerization is 1,4-bis-(4'-vinyl)-2,5-bis(decyloxy)benzene (VINYL) molecule. The chemical structure of VINYL molecule is outline in Figure 4.2. The molecule consists three phenyl rings terminated by both sides with ethylene moieties. Two ethylene terminals are distances by 1.8 nm which corresponds to the distance of three phenyls between them. Besides, the VINYL molecule consists of two lateral alkyl chains constituted by ten carbon atoms, which are linked by oxygen atoms (decyloxy chains) to the central phenyl ring. The distance between the extremities of two lateral decyloxy chains are 3.2 nm. In addition, the molecule we utilised for the experiment of on-surface light-induced polymerization is 4-[(S,S)-2,3-Epoxyhexyloxy]phenyl-4-decyloxy) benzoate (EPOXY) molecule. The chemical structure of EPOXY molecule is outline in Figure 4.3.

Figure 4 . 3

 43 Figure 4.3 Representation of CPK structure of a 4-[(S,S)-2,3-Epoxyhexyloxy]phenyl-4decyloxy) benzoate (EPOXY) molecule. Carbon atoms: grey color, Oxygen atoms: red color, Hydrogen atoms: white color. The length size of EPOXY molecule is 3.1 nm. The epoxide functional group is elucidated in the green square of the inset of Figure 4.3.

Figure 4 .

 4 Figure 4.4 a) Structural model of VINYL molecule. b) High-resolution AFM topography image of VINYL monolayer network on HOPG surface, 105 x 105 nm 2 , PFS=0.015 V, PFA= 80 nm T= 296 K. c) High-resolution AFM topography image of VINYL supramolecular network with elucidated alternated bright (outline by white arrow) and dark AFM contrast. PFS= 0.003 V, PFA= 80 nm, 41.7 x 41.7 nm 2 , T= 293 K.The closer inspection of VINYL supramolecular network is depicted in high-resolution topography AFM image in Figure4.4 c), as supramolecular network of linear structures, which are alternately arranged through two-dimensional domains, boarded by grain boundaries in Figure4.4 b). The small scale-size topography image of VINYL supramolecular network is presented in Figure4.5, which reveals the appearance of bright strips with a periodicity of approximately 1.5 nm, measured by Nanoscope and Gwydion software and inserted in profile of Figure4.5 b). The structure of VINYL molecule possesses π-conjugated "core" constituted of three conjugated phenyl rings where two of are not horizontally adsorbed upon surface yet they possess "out of plane" structure by comparing with entire VINYL molecule and lateral alkyl chains. Therefore, we assume that observed bright stripes on topography AFM images correspond to the "core" of VINYL molecules while dark contrast AFM signal on topography images is correlated to the lateral alkyl chains. Indeed, an overview of the reported work of Korolkov et al. describes observed bright AFM contrast in the formation of nanolines attributed to the "core" of п-conjugated segments while darker AFM contrasts are described as alkyl chains, both belonging to the polythiophene polymers, as shown in the Figure4.6[12]. Therefore, we assign that within each bright stripe of VINYL supramolecular network observed by topography AFM images, π-conjugated "cores" of VINYL molecules are periodically arranged.

95 Figure 4 .

 954 Figure 4.5 a) AFM topography image of VINYL supramolecular network in formation of linear, bright nanostructures with periodicity of 1.15 nm which correspond to the profile number 1 (b) PFS= 10 x 10 nm2, PFS= 0.019 V, PFA= 90 nm, T= 298 K.

Figure 4 .Figure 4 . 97 Figure 4 . 8

 449748 Figure 4.6 a) Structural models for polythiophene molecule. b) Ultra-high-resolution AFM height scan of three individual P3DT molecules. Image b) was acquired using third eigenmode of Multi75Al-G probe oscillating at 1.255MHz and a setpoint of 24mV. Scan rate 19.5Hz, 1024 × 1024 px. c) Structural models for P3DT assembly on hBN with corresponding dimensions calculated using the AM1 semi-empirical method. All images are adapted from [12].

Figure 4 . 9

 49 Figure 4.9 The periodicity extracted from profile number 1 and profile number 2 with value of 1.45 nm and 1.5 nm extracted from profiles in Figure 4.8.

Figure 4 . 10

 410 Figure 4.10 The superposition of blue circles from adhesion AFM image b) upon topography AFM image a). The position of observed bright protrusions on adhesion image is placed onto dark zone contrast of topography AFM image.Previously, we have distinguished observed bright strips on topography AFM images as periodically arranged π-conjugated "cores" of VINYL molecules, yet the characterization of two-dimensional arrangement of observed bright protrusions on adhesion AFM images is required. Elaborated characterization of the observed two-dimensional protrusions on adhesion AFM images reveals mismatch by superposition of bright contrast on adhesion AFM image upon topography AFM image in a way that bright protrusions on adhesion AFM mages are not superimposed upon bright strips observed on topography AFM images. In fact, the positions of bright protrusions observed on adhesion image correspond to the position of dark contrast observed between bright strips on topography AFM image, as presented in Figure4.10 a). Following the analogy in which bright strips on topography AFM image correspond to arrangement of π-conjugated VINYL cores, then observed bright protrusions arranged in twodimensional manner on adhesion AFM image are correlated to the alkyl chains.

99 Figure 4 . 11

 99411 Figure 4.11 Adsorption model of VINYL self-assembled supramolecular network on HOPG surface with indicated bright zones of π-conjugated triphenyl cores that are visible on topography AFM images. Red ellipse indicates Van der Waals interaction between interdigitated alkyl chains and blue ellipse presents π-π stacking between two ethylene and phenyl moieties. 𝑢 ⃗ and 𝑣 are the vectors of unit cell of VINYL network while 𝑎 and 𝑏 ⃗ are vectors of unit cell of HOPG surface.The unit cell vectors of VINYL supramolecular network could be expressed as integers multiple of the unit vectors of HOPG surface thus indicating that VINYL supramolecular network is commensurable with HOPG surface by point-on-point coincidence and defined by matrix notation as:( 8 11 7 -1 )Based on point-on-point commensurability, molecule-surface interaction has a more significant role into governing self-assembly of VINYL molecules on HOPG surface with the respect to the molecule-molecule interactions. The adhesion AFM image in Figure4.9 reveals appearance of protrusions with two different sizes which can be explained by two different adsorption sites of interdigitated alkyl chains, as shown in adsorption model in Figure4.11.

Figure 4 .

 4 Figure 4.12 a) Large-scale size AFM image of VINYL supramolecular network after thermal annealing with observed detached supramolecular domains, numerated by 1 and 2. 100 x 100 nm 2 , PFS= 0.01 V, PFA= 70 nm, T=298 K. b) AFM adhesion image of VINYL supramolecular network recorded after heating of the VINYL/HOPG substrate. White and dark arrows describe the observed bright and dark AFM contrast in the formation of nanolines. 30 x 30 nm 2 , PFS= 0.02 V, PFA= 80 nm, T=298 K.

  fabrication of covalently bonded nanostructures monitored by HR-AFM at ambient conditions 101 with significantly decreased periodicity was observed, as presented in the Figure 4.12 b) and 4.13 b).

Figure 4 .

 4 Figure 4.13 a) Topography AFM image obtained after thermal procedure of VINYL supramolecular network with reduced signal of roughness and corresponding profile which indicates the amplitude of 50 pm, correlated to the noise of our AFM set-up. 30 x 30 nm 2 . b) Simultaneously obtained adhesion AFM image of VINYL supramolecular network after heating procedure with a resulting signal of linear bright nanostructures, 30 x 30 nm 2 , PFS= 0.02 V, PFA=80 nm.

102 Figure 4 .

 1024 Figure 4.14 AFM adhesion VINYL supramolecular network on HOPG surface after thermal annealing at 120° with periodicity of 1.13 nm corresponding to the profile 1 ' . 30 x 30 nm 2 , PFS= 0.006 V, PFA= 75 nm, T= 298 K.

103 Figure 4 .

 1034 Figure 4.15 a) Molecular structure of BTB molecule. (b-g) Temperature induced transition phases of BTB monolayer at 1-nonanoic acid/HOPG interface. The corresponding temperatures of heating are presented in upper left corner of each image. Adapted from [17].

2 .

 2 fabrication of covalently bonded nanostructures monitored by HR-AFM at ambient conditions 104 Thermally induced formation of covalent bond between phenylethylene or ethylene moieties of two adjacent molecules within the row in x direction of self-assembled network (see Figure4.11), since these functional groups are well known as successful molecular precursors to obtain polymers.In order to verify the possibility number 1, we performed two additional experiments utilizing two molecules with similar chemical structures as VINYL molecules but without terminal ethylene functional groups. The chemical structures of two new molecules are presented in the Figure4.16.

Figure 4 .

 4 Figure 4.16 a) Representation of CPK structure of 1,4-bis(phenyl)-2,5-bis(decyloxy)benzene (Phenyldecyloxy) molecule. b) Representation of CPK structure of 1,4-bis(pyridyl)-2,5bis(decyloxy)benzene (Pyridyldecyloxy) molecule. Carbon atoms: grey color, Oxygen atoms: red color, Nitrogen atoms: blue color.

105 Figure 4 .

 1054 Figure 4.17 a) Structural model of Phenyldecyloxy molecule. b) Phenyldecyloxy self-assembled network on HOPG surface in formation of linear structure, PFS= 0,026 V, PFA= 90 nm, 70 x 70 nm 2 . c) AFM topography image of Phenyldecyloxy supramolecular network on HOPG surface in the formation of compact and periodically arranged bright lines. 20 x 20 nm 2 , PFS= 0.029 V, PFA=90 nm. d) Structural model of Pyridyldecyloxy molecule. e) Pyridyldecyloxy selfassembled network on HOPG surface with step-edge of isolated supramolecular domain. 70 x 70 nm 2 , PFS= 0.03 V, PFA= 70 nm. f) Pyridyldecyloxy self-assembled network on HOPG surface revealing the supramolecular arrangement of nanolines. 25 nm x 25 nm 2 , PFS= 0.029 V, PFA= 70 nm. All images were performed at T= 293 K.

4 . 18 .

 418 e) with an elucidated step-edge of supramolecular network of HOPG surface. The corresponding periodicities are extracted by Gwyddion software and Measured periodicities which belong to both networks possess similar values as initial VINYL supramolecular network, which simplifies the comparison between periodicities of Phenyldecyloxy, Pyridyldecyloxy and VINYL supramolecular networks after involved heating at 120°. Therefore, two samples, one containing the Phenyldecyloxy supramolecular network and another, with Pyridyldecyloxy supramolecular network, were placed in VO Memmert Heater and heated in the same procedure as it is done with VINYL supramolecular network: 40 minutes at 120° C.

Figure 4 . 18

 418 Figure 4.18 Corresponding periodicities of Phenyldecyloxy (left) and Pyridyldecyloxy (right) supramolecular network on HOPG surface extracted from the Figure 4.17. After heating Phenyldecyloxy and Pyridyldecyloxy supramolecular networks on HOPG surface, large scale size of topography and adhesion AFM images are simultaneously obtained and presented in Figure 4.19.

Profile 1 107 Figure 4 .Figure 4 .

 110744 Figure 4.19 AFM images of Phenyldecyloxy and Pyridyldecyloxy supramolecular networks after thermal procedure. a) AFM topography image of Phenyldecyloxy supramolecular network on HOPG surface and b) AFM adhesion image of Phenyldecyloxy supramolecular network. PFS= 0.029 V, PFA= 90 nm, T= 298 K, 60 x 60 nm 2 . c) AFM topography image of Pyridyldecyloxy supramolecular network on HOPG surface and d) AFM adhesion image of Pyridyldecyloxy supramolecular network on HOPG surface. PFS= 0.02 V, PFA= 70 nm, T= 298 K, 40 x 40 nm 2.

Figure 4 . 21

 421 Figure 4.21 The corresponding periodicities of profiles extracted from AFM images in Figure 4.19 of Phenyldecyloxy supramolecular network (left periodicity) and Pyridyldecyloxy supramolecular network (right periodicity) after heating at 120° C.

Figure 4 . 22

 422 Figure 4.22 Schematic representation of alkene dimerization reaction between two ethylene molecules induced by thermal energy which resulted into covalently bonded, cyclobutene structure.

Figure 4 . 23

 423 Figure 4.23 Schematic representation of [4+2] dual cycloaddition reaction between phenyl rings and ethylene groups resulting into covalently bonded fused cycles. Blue colored covalent bonds and red colored covalent bond origin from each molecule, subsequently.

Figure 4 . 24 111 Figure 4 . 25

 424111425 Figure 4.24 Schematic representation of thermal on-surface synthesis of covalent bond of VINYL supramolecular network on HOPG surface. Image on the top presents initial VINYL supramolecular network with initial periodicity in direction of alkyl chains. Left panel represents alkene dimerization with a formation of cyclobutene and right panel presents [4+2]product of fused cyclic structures. New formed covalent bonds are outline by blue color.

  The drop of 20 μl of EPOXY solution in chloroform, with concentration of 10 -4 mol L -1 , was deposited on clean HOPG surface and spin coating was carried out for 20 seconds with angular velocity of 850 rpm. The initial deposition of EPOXY molecules on HOPG surface resulted in compact and periodic network made up by bright alternated linear structures, as presented in large scale size AFM image of Figure4.26.

Figure 4 .X

 4 Figure 4.26 a) Structural model of EPOXY molecule. b) AFM topography image of EPOXY supramolecular network on HOPG surface. 100 x 100 nm 2 , PFS= 0.013 V, PFA= 60 nm, T= 298 K. b) AFM topography image of EPOXY self-assembled network on HOPG surface with elucidated consistence of bright strips (white arrow), 50 x 50 nm 2, PFS= 0.016 V, PFA= 90 nm., T= 293 K.

Figure 4 .

 4 Figure 4.27 a) High-resolution topography AFM image of EPOXY supramolecular network on HOPG surface and b) simultaneously obtained adhesion AFM image with elucidated twodimensional periodic nanostructures (outline by red ellipses). PFS= 0.014 V, PFA= 90 nm, 20 x 20 nm 2 .The closer inspection of EPOXY self-assembled network is presented in Figure4.27 which corresponds to topography and adhesion AFM images, extracted from the same scan zone. The topography AFM image presents linear nanostructures in formation of periodically alternated bright lines with periodicity of 2.3 nm which is extracted by Gwyddion software and presented in Figure4.28 a). However, the adhesion AFM image of EPOXY supramolecular network reveals two-dimensional arrangement of observed bright protrusions, outline by red ellipses in Figure4.27 b). The periodicity of observed two-dimensional bright protrusions in adhesion AFM image are extracted from profiles 1' and 2' and their values of 1.68 and 2.4 nm are presented in Figure4.27. It is notable to mention that the values of presented periodicity should include statistical error of +/-0.20 nm which correspond to the difference between measured periodicities among recorded AFM images of EPOXY supramolecular network.However, in many examined AFM images regarding EPOXY supramolecular network on HOPG surface, obtained topography and adhesion images does not provide continuous representation of observed features. For an instance, in Figure4.27, topography AFM image shows periodical alternation of bright lines that could correspond to arrangement of πconjugated segments of EPOXY molecules while the adhesion AFM image represents twodimensional arrangement of bright protrusions within each linear nanostructure (outline by red ellipses in Figure4.27 b)). The superposition of two different, linear and two-dimensional

Figure 4 . 28

 428 Figure 4.28 Periodicity profiles extracted from Figure 4.27 for AFM topography image (Profile 1) and AFM adhesion image (Profile 1' and 2').

Figure 4 .

 4 29. Simultaneously, two different features could have been observed on adhesion AFM images of EPOXY supramolecular network: two-dimensional arrangement of bright protrusions (right and left corner of Figure 4.29 b)) and one-dimensional linear structures observed in the rest of Figure 2.29 b)). In addition, the FFT image (see Figure 4.29 d)) of correspondent adhesion AFM image) confirms the existence of three signals simultaneously.

  periodicity ≈ 1.68 nm On-surface fabrication of covalently bonded nanostructures monitored by HR-AFM at ambient conditions 116 assembled layer, once they were deposited onto KCl surface, as presented in Figure 4.30. In this case, the UV light induced initiation of radical polymerization and growth of micro-length covalently bonded chain-like structures [8].

Figure 4 .

 4 Figure 4.29 a) Topography AFM image of EPOXY supramolecular network in formation of periodically arranged bright lines and b) corresponding AFM adhesion image with observed tw different signals: two-dimensional arrangement of bright protrusions (outline by blue circles) and bright lines in the entire part of image. 25 x 25 nm 2 , PFS= 0.013 V, PFA= 80 nm. c) FFT image of Figure 2.29 a) and d) FFT image of Figure 4.29 b) with indicated simultaneous presence of three-phased structures.

Figure 4 .Figure 4 . 30

 4430 Figure 4.29 c) and d) present FFT images of the EPOXY supramolecular network, where the adhesion FFT image reflects presence of multiple phases, outline by number 1, 2 and 3. Phase number 1 is consisted of linear nanostructures, phase number 2 locally presents hexagonal structure while phase number 3 possess rectangular structure enclosed by bright spots which are periodically arranged within parallel bright lines. Therefore, in this section, due to simultaneously presented different signals on AFM images, we will skip presentation of adsorption model and test the effect of UV light illumination upon EPOXY self-assembled networks on HOPG surface.

118 Figure 4 . 1 Figure 4 .

 118414 Figure 4.31 AFM images of EPOWY supramolecular network after exposition to the LED-UV irradiation of 266 nm in duration of 14 hours.Figure 4.30 a) topography and b) adhesion AFM images of EPOXY/HOPG sample after UV irradiation. 100 x 100 nm 2, PFS= 0.016 V, PFA= 90 nm.Figure 4.30 c) topography and d) adhesion AFM images of EOXY/HOPG sample after exposition to the UV light irradiation. 30 x 30 nm, PFS= 0.019 V,PFA= 90 nm.Profile number 1 in Figure4.31 d) corresponds to the measured periodicity of 3.77 nm (Figure4.33 a)) which is observed after UV irradiation of EPOXY/HOPG sample, and presents significant deviation by comparison with periodicity of 2.3 nm which is correlated to the intact EPOXY supramolecular network. To determinate the accuracy of the observed phenomena, the initial EPOXY supramolecular network on HOPG surface was transferred in the VO Memmert Heater and heated until 150° in order to investigate the possibility of thermally-induced deviation of the periodicity of EPOXY supramolecular network. However, no difference in morphology of EPOXY supramolecular network after heating procedure was observed. Thus, we performed additional repetitive experiments with UV light exposure of EPOXY supramolecular networks on HOPG surface, in order to confirm reproducibility of observed results.

Figure 4 .

 4 Figure 4.32 shows results of two separated experiments which were based on confirmation of reproducible enhancement of EPOXY periodicity after UV light exposure. Both AFM adhesion images reveals similar values in periodicity, which are presented in Figure 4.33. Profile 2 corresponds to the Figure 4.33 b) with measured periodicity of 3.8 nm while profile 3 is correlated to Figure 4.33 c) with measured periodicity of almost 4.1 nm.The difference between periodicity of profile 1, 2 and 3 is not surprising due to the statistical error of +/-0.20 nm which is observed on many experiments monitored by our AFM set-up. However, the significant enhancement of periodicity between observed one-dimensional linear nanostructures on AFM adhesion images after UV light exposure is confirmed as reproducible result thus indicating that light emitting diode of 266 nm could initiate formation of covalent bond between two adjacent EPOXY molecules, more preciously, between two epoxide groups[28]. Based on our results, multi-phased EPOXY supramolecular network, observed by AFM adhesion images, is converted into one-dimensional linear nanostructures with significantly increased periodicity.

2 3

 2 On-surface fabrication of covalently bonded nanostructures monitored by HR-AFM at ambient conditions 120 AFM monitored deviation of structure and periodicity of EPOXY supramolecular network due to UV light exposure could be interpreted as light-induced opening of epoxied ring and conversion into the ether group, which is outline in chemical sketch of Figure4.33[25].

Figure 4 .

 4 Figure 4.33 a) Periodicity of EPOXY supramolecular network that corresponds to the profile 1 in Figure 4.31 d). b) Periodicity of EPOXY supramolecular network that corresponds to the profile 2 in Figure 4.32 a). c) Periodicity of EPOXY supramolecular network that corresponds to profile 3 in Figure 4.32 b). By following proposed statement of UV light-induced formation of covalent bond and formation of ether-based nanostructures, the resulting EPOXY network would possess increased periodicity with a structure interdigitated by horizontally stretched alkyl chains upon

Figure 4 .

 4 Figure 4.34 The chemical sketch of UV light induced formation of covalent bond which is induced by opening of epoxied ring and transferring into ether group (blue ellipse) of resulting covalently bonded EPOXY network.

Figure 4 .

 4 Figure 4.35 The adsorption model of EPOXY supramolecular network on HOPG surface after UV-light exposition with indicated distance of 3.75 nm between π-conjugated segments of two adjacent EPOXY molecules. Yellow colored areas elucidate the domain of formed covalent bond forming ether moieties while blue colored areas present the domain in supramolecular with periodicity of 3.75 nm between the rows of π-conjugated EPOXY segments.
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 5 Conclusion and Perspectives 5.1 Supramolecular networks based on dipolar molecules

Figure 5 . 1

 51 Figure 5.1 Schematic representation of experimental objection realised in work of Simpson et al. The electric field promoted by bias voltage of STM tip is controlling single-molecular orientation of dipolar 2,5-di(ethynyladamantanyl)-4-(dimethylamino) nitrobenzene (DDNB) molecule adsorbed onto Ag(111) surface. Image adapter from [1].

5. 4

 4 References of Chapter 5 Titre : De l'auto-assemblage supramoléculaire à la synthèse sur surface : études par microscopie à champ proche Mots clés : auto-assemblage supramoléculaire, STM, AFM, synthèse en surface, nanomatériaux en couche ultra-mince Résumé : Cette thèse porte sur l'investigation, par microscopies à effet tunnel (STM) sous ultrahaut vide (UHV) et à force atomique (AFM) à pression atmosphérique, de réseaux supramoléculaires sur différents types de surfaces, telles que: Au(111), Si(111)-B et HOPG, ainsi que sur l'étude de la synthèse en surface de nanostructures liées de manière covalente. Le premier chapitre présente l'état de l'art des interactions molécule-molécule non covalentes qui régissent l'auto-assemblage supramoléculaire et les méthodes pour obtenir des auto-assemblages covalents. Le deuxième chapitre présente des concepts théoriques, les montages expérimentaux, les procédures de préparation de surfaces propres et des pointes ainsi que les méthodes de des dépôts moléculaires utilisés sous ultra-vide et à pression atmosphérique. Le troisième chapitre est dédié aux résultats obtenus par STM dans le système UHV et à la comparaison de l'étude de l'autoassemblage supramoléculaire des molécules dipolaires LdipCC sur les surfaces Au(111) et Si (111)-B. Sur la surface Au(111), les molécules LdipCC forment un réseau supramoléculaire poreux étendu qui est régi par des interactions molécule-molécule tandis que sur la surface de Si(111)-B, les molécules LdipCC s'autoassemblent en un alignement parallèle homogène et étendu de dipôles moléculaires en raison du rôle significatif des interactions moléculesurface. . Le quatrième chapitre est dédié aux résultats obtenus dans les conditions ambiantes et étudiés par AFM en mode « Peak Force Tapping ». Deux types de molécules comportant des chaines alkyles et des groupements éthylène et époxy, ont été étudiés. Nous avons observé des systèmes auto-assemblés en réseaux bidimensionnels sur la surface HOPG. Le réseau supramoléculaire à base d'éthylène a été exposé à un recuit thermique tandis que le réseau supramoléculaire à base d'époxy a été exposé à la lumière UV. Les mécanismes proposés basés sur l'analyse des images AFM en topographie et en d'adhésion suggèrent qu'une réaction de dimérisation ou cycloaddition en surface induite thermiquement et une polymérisation initiée par la lumière UV se sont produites sur la surface de HOPG. De cette manière, les réseaux auto-assemblés bidimensionnels sur la surface HOPG ont été convertis en auto-assemblages supramoléculaires liés de manière covalente.

  

  

  

  

  

  

  

  

  Scanning Probe Microscopy (SPM), a branch of microscopies with a surface-sensitive, realspace analysis technique, was born by the invention of Scanning Tunneling Microscopy (STM) in 1981 by Heinrich Rohrer and Gerd Binning at the IBM Zurich Research Laboratory[1]. Four years later, Gerd Binning invented another surface analysis technique called Atomic Force Microscopy (AFM)

	Chapter 2
	2 Scanning Probe Microscopies (SPMs)
	Chapter 2 represents the experimental techniques and set-up which are used for
	performance and monitoring experiments by VT-STM/UHV system and AFM set-up operating
	at ambient conditions. The results obtained in this thesis are presented in Chapter 3 and Chapter
	4.
	The experimental results in Chapter 3 are performed in UHV set-up of VT-STM and represent
	the successful development of extended and periodical self-assembled nanostructures based on
	dipolar molecules. First part of Chapter 3 is dedicated to the self-assembly of dipolar molecules
	on conductive, Au(111) surface while the second part of Chapter 3 is dedicated to the self-
	assembly of dipolar molecules on semi-conductive Si(111)1)-B surface. The chapter is finalized
	by comparison of the dipolar self-assemblies on both surfaces, regarding the structural
	differences which are govern by distinctive intermolecular or molecule-surface forces,
	respectively.
	The experimental results in Chapter 4 are performed at ambient conditions and monitored by
	AFM with Peak Force Tapping Mode by Bruker Icon. The Chapter 4 is focused on on-surface
	synthesis of covalently bonded two-dimensional nanostructures on HOPG surfaces, by two
	different approaches: thermally induced polymerization and light initiated polymerization. The
	thesis is finalized by the "open door" for further perspectives that our work provides and the
	conclusion of our obtained results.

  4.2.2 The AFM investigation of the exposition of EPOXY supramolecular network on HOPG surface to the UV source of lightAfter the elaborated studies of formed supramolecular network of EPOXY molecules on HOPG surface presented in the section 4.2.1, we investigated the possibility of light-induced polymerization of molecules bearing epoxy moieties by UV source of light. Therefore, the sample with EPOXY/HOPG interface was exposed to the wavelength of 266 nm of LED UV light in duration of 10 hours. The distance between light emitting diodes' source and the samples' surface was set approximately in the value of 10 cm[26],[27]. Afterwards, the sample was examined by the same procedure as initial EPOXY self-assembled network, AFM with the Peak Force Tapping Mode and the resulted images are integrated in the Figure4.31. The largescale size AFM image in Figure4.31 a) and b) represent large scale-size AFM images of EPOXY/HOPG probed after the exposition to the UV illumination where adhesion AFM images reveals linear nanostructures regarding to the topography AFM image that couldn't provide any morphological signal. It is notable to mention that the phenomena of the absent AFM topography signal has been occurred in experiment of thermally induced formation of covalently bonded VINYL molecules, presented in section 4.1.2. Closer inspection of EPOXY sample after UV illumination is presented in Figure4.31 where adhesion AFM image reveals one-dimensional nanostructures with significantly increased periodicity by comparison with the EPOXY supramolecular network and its periodicity of 2.3 nm, measured before UV irradiation.
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