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General introduction

The general consideration of synthetic chemistry, particularly those based on catalytic chemical reactions, encompasses homogenous and heterogeneous chemical reactions. Nowadays, interfacial chemical syntheses that occur at solid, gaseous, and liquid boundaries are the basis of many heterogeneous chemical processes in different domains of interest such as electrochemistry, biochemistry, heterogeneous catalysis, surface-confined polymers, etc. In particular, solid surfaces are of great interest due to their geometrical anisotropy that combines with the inherent reactivity, i.e., their structure and chemical composition, providing utmost control over the reactional pathways.

The leverage of heterogeneous processes, specifically the importance of solid substrate to enable and facilitate chemical reactions, is reflected in the hypothesis of life's origin, or socalled "chemical evolution" where most of life's essential macromolecules could be produced through chemical steps of increasing complexity on mineral rock surfaces allowing the transition from a geochemical to a biochemical world, million years ago. [START_REF] Goldschmidt | Geochemical aspects of the origin of complex organic molecules on the earth, as precursors to organic life[END_REF] For more than a halfcentury, as origin-of-life scientists recognize, the production of bio-macromolecules requires mineral-induced selection, concentration, and organization of prebiotic molecules into viable macromolecules. [START_REF] Azen | Mineral Surfaces and the Prebiotic Selection and Organization of Biomolecules[END_REF] In recent history, since its discovery in 1920, industrial ammonia synthesis, a prominent example of interfacial chemical synthesis, has become the widest applicable and one of the most studied chemical processes in the world, mainly for agricultural use, rendering an annual production that exceeds 120 million tons to sustain the present-day global population. [START_REF] Klerke | Ammonia for Hydrogen Storage: Challenges and Opportunities[END_REF] Nowadays, in the 21 st century more than ever before, current scientific interest is focused on designing the synthesis of miniaturized functionalized nanomaterials and nanocomponents that require atomic-scale precision to allow their use in the ultimate device implementation. The ability to design molecular materials with predefined properties adapted to our needs makes them very promising candidates for on-surface synthesis of smaller, faster, and cheaper organic electronic devices allowing us to bypass Moore's law limitations.

The chemists thus could propose the great advantage of a plethora of organic synthetic procedures often without knowing the chemical reaction on the atomic scale. In that case, to understand the complexity of interface-assisted chemical synthesis and to promote widely that way of nanomaterial fabrication, it is important to rely on interdisciplinary approaches by resorting to solid-state and surface physicists that could employ different microscopic and spectroscopic surface inspection techniques.

The inception of modern nanotechnology and nanoscience was triggered by the development of Scanning Tunneling Microscopies, a surface-sensitive, real-space technique, by Gerd Binnig and Heinrich Rohrer in the 1980s, which enabled scientists and engineers to see and manipulate individual atoms. [START_REF] Binnig | Scanning Tunneling Microscopy[END_REF][START_REF] Binnig | Scanning Tunneling Microscopy-from Birth to Adolescence (Nobel Lecture)[END_REF][START_REF] Binnig -Facts | Nobel Prize Outreach AB[END_REF] STM nowadays is an indispensable base of nanotechnology achievement due to prior ability to resolve nanostructures and more-on, in the case of chemical synthesis, to visualize and follow-up in real-space molecular arrangement and chemical reactions on flat solid surfaces with atomic precision. Indeed, the study of on-surface reactions on the atomic scale is a very sensitive task that requires the use of clean and well-defined surfaces to avoid process-altering contaminants. Therefore, most of the studies are performed in ultra-high vacuum (UHV) environments allowing, thus, the use of other characterization methods that may be useful to obtain additional information about the chemical state of adsorbates, such as X-ray photoelectron emission spectroscopy (XPS). Moreover, theoretical methods, such as calculations based on density functional theory (DFT) approximations, provide some additional data for understanding the underlying mechanisms of reactions. A great deal of effort has been devoted to studying the effect of the chemical structures of precursors and underlying surfaces on the pathways of the reactions using the developed toolset. Therefore, the scientific library continues to grow, extending our understanding of these chemical processes at solid interfaces.

Numerous studies have shown that surfaces not only support reactions, they can also act as catalysts for reactions or participate directly in reactions through intermediate states. Although these intermediates are generally short-lived, they are currently cryostabilized and identified on the surface in UHV environment, using STM and noncontact atomic force microscopy (NC-AFM). [START_REF] Martin | Atomic Force Microscope-Force Mapping and Profiling on a Sub 100-Å Scale[END_REF] However, despite the achieved work, we cannot proclaim that surface science has reached its completion. Certainly, there is still a lot to investigate in order to contribute to the maturity of the domain by reaching a level in which it becomes possible to synthesize any desired nanomaterials and transfer them from the UHV environment to the ambient conditions for daily-life applications.

The interests and objectives of this thesis fall within this context, thus our work aims to investigate some specific on-surface processes that represent potential subjects in the field of on-surface synthesis but were not addressed before this work.
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Chapter I: A brief overview of on-surface synthesis

This chapter provides an overview of the state of the art concerning 'on-surface' synthesis as a powerful tool for the highly precise fabrication of functional nanoarchitectures. The flow of the chapter covers the different key factors and parameters that help to trigger and manipulate chemical reactions in a controlled manner at the molecular scale. Ideas are supported by some illustrative examples depicted from the literature, based on Scanning Tunneling Microscopy (STM) and noncontact Atomic Force Microscopy (nc-AFM) in ultra-high vacuum (UHV). The chapter is divided into three main sections. The first section deals with coordination polymers, the second section treats the subject of on-surface chemical processes, and the last section presents the motivation for this thesis work.

I.1 Coordination polymer

During the 1980s, the chemistry of large supramolecules and networks stabilized by metalligand interactions shifted, at least in part, under the umbrella of supramolecular science. Thus, supramolecular coordination chemistry has evolved around molecular recognition and metal assembly paradigms, which represent a key strategy for creating highly organized systems using discrete molecular building blocks.

The use of metal ions provides a set of directional bonds of medium strength that are employed to implement various geometric shapes. Supramolecular coordination chemistry combines an extensive database of metal-ligand pairs with a wide variety of specific binding modalities, making it possible to program selectivity and directly target binding motifs. This allows the self-assembly of supramolecular structures as well as porous solid frameworks and coordination polymers. Therefore, the use of transition metal (or rare earth) centers and secondary building blocks in general, in terms of coordination chemistry to control the on-surface formation of complex structures, has emerged as one of the most used strategies to arrange molecular building blocks into supramolecular networks. [START_REF] Lin | Surface-Confined Supramolecular Coordination Chemistry[END_REF][START_REF] Schlickum | Metal-Organic Honeycomb Nanomeshes with Tunable Cavity Size[END_REF][START_REF] Pivetta | Formation of Fe Cluster Superlattice in a Metal-Organic Quantum-Box Network[END_REF] The formation of a given supramolecular NC-Ph4-CN, and c) NC-Ph5-CN on Ag (111), respectively. d-f) Structure of the molecules including their length and models of the threefold Co-carbonitrile coordination motif superimposed on STM images. Figures adapted from (9).

shape is due to the internal symmetry of the existing metal orbitals and the spatial organization of the donor atoms in the organic ligand system. As a result, supramolecular structures are encoded in the electronic structures of metal ions and organic ligands, which can create infinite grid-like one-or two-dimensional coordination networks with precisely positioned metal ions.

It is important to fully recognize that the binding of adsorbates to the surface plays a comparable role to the typical non-covalent binding of supramolecular complexes. Therefore, it is necessary to develop a conceptual framework for using surfaces as auxiliary means to control metaltargeted self-assembly processes, or in other words, to develop a conceptual framework to address the concomitant localization of molecules with surface-compatible functional units and metal centers. Thus, the balance between metal-ligand interactions, intermolecular and surfacemolecule interactions plays a decisive role in determining the chemical and electronic properties of supramolecular layers. At the same time, it is necessary to evaluate the chemical state and conformation of the adsorbed ligand. This is because it affects both the functional properties and organizational behavior of adsorbed molecular nanosystems. The control and fabrication of single compounds as well as the organization of organometallic units in one-dimensional coordination polymers or two-dimensional coordination arrays are of interest to surface metalorganic supramolecular engineering. Key functions and roles in the potential function of highly versatile nanoporous networks achieved through metal-guided assembly under ultra-
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Chapter I: 9 high vacuum. A large variety of coordination networks can be created through the bonding of metal centers (such as Cu, Co, Fe, Mn, Ni, etc.) with functional groups (such as carbonitrile, pyridyl, hydroxyl, carboxyl, thiol, etc.). So far, two methods for creating organometallic coordination networks on solid surfaces have been reported: co-deposition of molecules and metal centers and direct deposition of molecules on a metal substrate using available adatoms as linking centers.

An example of each approach can be provided by citing two related works in the literature.

Schlickum et al. performed the co-deposition of ditopic molecular linker (ligands capable of coordination at two separate sites) and Co metal on an Ag (111). [START_REF] Schlickum | Metal-Organic Honeycomb Nanomeshes with Tunable Cavity Size[END_REF] Three dicarbonitrilepolyphenyl molecules NC-Phn-CN (n=3,4,5) with increasing size studied separately, yielded a highly organized porous organometallic network with a honeycomb structure, as shown in Figure 1.1. The result shows that increasing the length of the molecular linker increases the pore diameter while maintaining the hexagonal porosity of the network. A few years later, in another work, they used the same type of molecular linker build-up of six phenyl rings (NC-Ph6-CN). [START_REF] Pivetta | Formation of Fe Cluster Superlattice in a Metal-Organic Quantum-Box Network[END_REF] Upon deposition on the Cu (111) surface, similar honeycomb metal coordinated structures directed by Cu adatoms supplied from the substrate as binding centers. In addition, the network changed from a chain to a honeycomb structure with increasing molecular coverage on the surface, as presented in Figure 1 superimposed with the corresponding model. Figures adapted from (10).
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I.2 On-surface synthesis of covalently bonded nanostructures

Controlling the properties of new nanoscale structural systems often means controlling the structure, composition, long-range order, etc. A bottom-up approach, in which atomic-precision nanoscale structures are obtained from molecular components through self-assembly at the surface offers such possibilities for the design of nanostructures. Yet, despite the wide variety of possibilities to elaborate extended 1D and 2D structures based on a supramolecular selfassembly approach, in which the resulting nanoarchitectures are governed by weak noncovalent interactions, making them generally not stable enough to be used in real-life functional devices. This lack of stability could be only addressed by increasing the binding strength between molecular building blocks, thus forming robust covalently bonded structures.

Therefore, covalent bonding of molecular building blocks directly within the two-dimensional confinement of surfaces, so-called on-surface polymerization, has advanced rapidly in recent years as it represents a reliable strategy for growing functional molecular nanostructures in a controlled manner. [START_REF] Lindner | On-Surface Reactions[END_REF][START_REF] Cai | On-surface molecular reactions[END_REF][START_REF] Shen | Frontiers of On-Surface Synthesis: From Principles to Applications[END_REF][START_REF] Grill | Covalent On-Surface Polymerization[END_REF] From a global point of view, on-surface fabrication of covalently bonded structures belongs to interfacial chemical reactions that occur on the solid surface in which we cannot circumvent the crucial role of the surface, which is determined by the presence of interactions with the adsorbed precursors. Therefore, molecule-surface interactions changes depending on the nature and structure of both solid surface and molecular guest dictating precursor diffusion capacity and adsorption energy. Indeed, an inherent property of the surface is its reactivity, which could also lower the energy barriers by opening different reaction pathways in which initial guested molecules react with surface atoms to form some intermediates. If the reaction subsequently provides a final product that doesn't include the surface atoms as reactants, i.e. surface is regenerated at the end of the reaction, the process is defined as catalytic. Typically, in history "heterogeneous catalysis reactions" are considered when the resulting products leave the surface. In contrast, when the products remain adsorbed on the surface, it is called "on-surface reaction" or "on-surface polymerization", even if the reaction includes a catalytic reaction step. Besides surface reactivity, the balance between absorption energy and molecular diffusion is very important in surface reaction mechanisms, yet the correct substrate selection is necessary to achieve the desired results. Surface material and its orientation are two factors to take into consideration in the choice of the solid substrate.

Considering on-surface polymerization reactions, various organic reactions, in ultrahigh vacuum, on single crystal surfaces have been published, such as Ullmann's coupling, Glaser's On-surface synthesis of covalently bonded nanostructures Chapter I: 11 coupling, aryl-aryl dehydrogenation, Diels-Alder reaction, Schiff base reaction, etc., which are known processes in solution chemistry. [START_REF] Shen | Frontiers of On-Surface Synthesis: From Principles to Applications[END_REF] However, contrary to solution reactions, molecules are confined in two-dimensional space, reducing their degrees of freedom as they diffuse by the underlying substrate. In fact, this makes the fundamentals of the reactions remarkably different where many parameters related to the surface as well as to the molecules could affect the reaction. In this concept, the different aspects that need to be taken into considerations since it governs the on-surface reactions are resumed in the following points:

1) The different on-surface chemical reactions that can be employed for bottom-up fabrication of covalently bonded nanostructures.

2) Role of the solid substrate surface as a reactive platform, built-up of the highly ordered arrangement of atoms, which their nature and organization dictate their catalytic and templating aspect that affect the reaction mechanism as well as the diffusion rate of monomers (molecule-surface interaction), yet the resulting polymers.

3) Importance of designing molecular building blocks that allow the reaction to be carried out with consideration of the underlying surface and to ensure the formation of a welldefined target structure and composition of the final product.

Given the numerous parameters that affect the chemistry of on-surface reactions, it is difficult to consider all cases in detail. Therefore, this chapter will focus on the most important points to achieve a successful on-surface synthesis reaction in the context of the different topics (results) covered in this thesis work. The upcoming sections will provide a detailed overview of the following crucial aspects that need to be considered when making choices to succeed in onsurface reactions:

1) Possible polymerization approaches: step-growth and chain-growth

2) Different types of solid substrates: metal, semiconductor, insulator.

3) Different possible stimuli that contribute to polymerization initiation, such as heat treatment, UV irradiation, tunnel current, and collisional dissociation.

I.2.1 On-surface chemistry in terms of polymerization approaches

The on-surface fabrication of covalently bonded nanostructures occurs via polymerization reactions involving an activated form of pre-absorbed molecular precursor. From a mechanistic point of view, these reactions can be achieved through two different approaches, hence we speak about whether a step-or a chain-growth reaction. [START_REF] Grill | Covalent On-Surface Polymerization[END_REF] In the former, polymerization occurs in a step-wise fashion in which all monomers are activated simultaneously, then they diffuse and collide resulting in larger oligomers, as presented in Figure 1.3a. Since all (activated) monomers are similar, it can be assumed that they react at the same rate to form dimers. So when one end of the dimer starts to react again, it will most likely find another dimer (or larger oligomer) because most of the monomers have already reacted. In fact, increasing the molecular weight of these reactive particles reduces their ability to diffuse at the surface, limiting the polymerization reaction.

Figure 1.3: General mechanistic representation of on-surface polymerization approaches. a)

Step-growth compelling global, sequential or local activation followed by diffusion/manipulation and coupling steps. b) Chain-growth compelling global or local activation followed by initiation and propagation. Figures adapted from (14).

In contrast, considering the chain-growth approach, local activation of the precursor is sufficient to create a reactive center called an "initiator". An initiator converts one monomer molecule into a reactive intermediate that can react with another monomer to form a new reactive intermediate, etc., as shown in Figure 1.3b. In this case, the polymerization reaction takes place through the addition of monomers at the end of the chain, which leads to linear growth of the On-surface chemistry in terms of polymerization approaches Chapter I:

13 molecular weight as a function of monomer conversion. Therefore, the rate of the reaction does not change during the reaction as it relies on the diffusion of monomers to allow longer polymers to grow. However, on-surface polymerization studies based on the chain-growth approach are rarely performed due to the lack of suitable precursors that are thermally stable during evaporation and the limited types of bonds that can be created on the substrate, without interfering with or quenching the chain propagation. To the best of our knowledge, only two papers have reported the successful cultivation of long nanowires [START_REF] Okawa | Linear Chain Polymerization Initiated by a Scanning Tunneling Microscope Tip at Designated Positions[END_REF][START_REF] Para | Micrometre-Long Covalent Organic Fibres by Photoinitiated Chain-Growth Radical Polymerization on an Alkali-Halide Surface[END_REF] , which are discussed in detail in Chapter 4. (14,17).

In contrast, most of the explored reactions on solid substrates are step-growth polycondensation reactions that involve the formation of small by-products at each activation-coupling sequence.

The coupling reaction is a commonly used methodology for preparing π-conjugated surfaceconfined polymers after dehalogenation of appropriate precursors to create reactive sites within the molecule. Activated precursors are then covalently linked to other building blocks.

Depending on the number of active sites, and their positions within the molecules, they can be used for the controlled bottom-up synthesis of 1D and 2D nanostructures. [START_REF] Björk | Reaction Mechanisms for On-Surface Synthesis of Covalent Nanostructures[END_REF] This is nicely illustrated as a basic concept in the two models of Figure 1.4a-b, based on the substitution of benzene by a different number of halogen atoms. Considering the kinetics of polymerizations occurring on the solid surface, in addition to the diffusion coefficients discussed above, we note that the coupling step also affects the outcome of the polymerization, as presented in Figure 1.4c. In fact, these two factors depend on the properties of the surface and the design of the monomer so that the reaction rate can be limited by diffusion or by coupling.
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I.2.2 Surface as active support for on-surface synthesis

I.2.2.1 Single crystal metal surfaces

Being the most used approach for the on-surface fabrication of covalently bonded nanostructures, coupling reactions require the aid of a metal catalyzer justifying the popularity of metal substrates in the on-surface polymerization studies. Various metal surfaces, usually of low indexes (hkl), are frequently used in such coupling reactions and sometimes with the same molecule which allows us to understand the effect of changing surface constituent's nature on the reaction pathway. The existing 12 metal elements are classified into the following groups:

the Platinum group metals (Ru, Rh, Pd, Os, Ir, and Pt), the base metals (Fe, Co, Ni), and the coinage metals (Cu, Ag, Au). Each group exhibits certain physical properties and the ability of its elements to react with specific species. Here, we turn our focus on Ullmann-type coupling reactions as a route for polymer fabrication based on adsorption of halogenated precursors, typically on fcc (111) transition metal surfaces of Cu, Ag, or Au. Following their adsorption on the surface, relatively weakly bonded halogen atoms separate from the precursor to creating radical species. This halogen bond dissociation is facilitated by the underlying metal surface, hence depending on the nature of the halogen atom, and the metal, respectively. To date, molecular building blocks are often functionalized with bromine and iodine. Chlorine and fluorine, on the other hand, are rarely used as halogen substituents in surface polymerization because of their higher reactivity that lead to the contamination of the metal surface. In this regard, DFT modeling suggests that the activation barrier decreases in the order of Au(111) > Ag(111) > Cu (111), that is, with increasing reactivity of the metal surface. [START_REF] Björk | Mechanisms of Halogen-Based Covalent Self-Assembly on Metal Surfaces[END_REF] Also, for all studied surfaces, the energy barrier is approximately 0.3 eV less for iodine removal than for debromination (see Figure 1.5). Surface as active support for on-surface synthesis Chapter I:
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This trend seems plausible given the difference in the strength of the carbon-halogen bond, which indicates a clear effect of the surface. In fact, iodinated precursors are more reactive and deiodination readily occurs at room temperature (RT) even on less reactive gold surfaces.

Conversely, for brominated compounds, the reactivity of the metal surface plays a decisive role.

For copper, bromine removal already occurs at room temperature, but for gold, it requires additional heating up to 150-200 °C. [START_REF] Blunt | Templating molecular adsorption using a covalent organic framework[END_REF][START_REF] Gourdon | On-Surface Synthesis[END_REF] The silver surface occupies an interesting intermediate position at room temperature where partial removal of bromine is observed, whereas complete removal of bromine also requires additional heating. Figure 1.6 summarizes existing experimental data for deiodination and debromination of various halogenated molecules after RT deposition on Au (111), Ag (111), and Cu (111). The large difference in activation temperature of deiodination compared to debromination for gold can be exploited for specific sequential binding by selective activation of iodine and bromine sites, as shown in Figure 1.7a.

Thus, in 2012, Lafferentz et al. showed that additional control over the reaction can be gained by appropriately designing precursor molecules that can contain unequal active sites. [START_REF] Lafferentz | Controlling On-Surface Polymerization by Hierarchical and Substrate-Directed Growth[END_REF] The difference in energy barrier to dissociation of halogen atoms allows sequential dissociation of C-X bonds (X = Br or I). Using dibromo-diiodo-porphyrin DIDBP molecules that have two bromine and two iodine substituents, each in a linear trans configuration, they were able to control the degree of polymerization. After deposition of (DIDBP) molecules on the Au (111) surface maintained at room temperature, the iodine was partially eliminated. Then, following the first step of annealing at 120 °C, one-dimensional polymer chains were formed. Cleavage of bromine bonds was initiated by applying more thermal energy in the second annealing step at 250 °C, which cross-linked the linear polymer chains obtained in the first annealing step, resulting in an extended two-dimensional network structure. (111), Ag (111), and Cu (111). The table is reproduced based on data from (20). (20,21).

Metal surface

Another major role of the surface is to stabilize the radicals generated during dehalogenation to form so-called surface stabilized-radicals (SSRs), in which the dangling carbon bonds bind to the underlying metal atoms on the surface, making the coupling reaction process highly dependent on the metal surface. On reactive Cu (111) and Ag (111) whereas weakly reactive surfaces such as Au (111), Cu (110), or Cu (111) showed that intramolecular dehydrogenation polymerization was dominant (see Figure 1.8). 22 polyaromatic network (3 in d). Figures adapted from (22).

I.2.2.2 Bulk or thin insulator surfaces

Despite considerable advances in on-surface synthesis on metallic surfaces, applications based on the flow of electrons through nanostructures remain elusive being bypassed mainly by the underlying substrate. In other words, metal coining, can annihilate molecular excited states and modify the molecular density of states through charge transfer and image charge effects. [START_REF] Anger | Enhancement and Quenching of Single-Molecule Fluorescence[END_REF] Accordingly, alternative strategies for decoupling the electronic structure of molecular networks from their main substrates are urgently needed. Therefore, electrical insulation rather than metallic substrates is of great interest in these applications. To date, little is known about the principle of on-surface synthesis on insulating surfaces, especially in view of the difficulty of simple transfer of synthesis strategies developed on metal surfaces to insulating ones. This is due to the relatively weak molecular-surface interactions present in many insulating surfaces studied so far. Thus, the surface synthesis of insulating substrates requires careful consideration of the interactions of molecules with the surface of the system of interest. Another reason for favoring synthesis on inert (insulator) surfaces is the absence of a surface-mediated C-C coupling step consisting of the addition of surface-stabilized radicals SSRs (protopolymer) compared to metal surfaces. These intermediate states present additional transition barriers to overcome as they are required to break radical-surface bonds, reducing the ratio between diffusion and coupling rates which have a decisive influence on the compactness of networks.

For instance, low monomer mobility on reactive metal surfaces causes diffusion-limited aggregation and forms rugged structures. In contrast, weakly interacting insulator surfaces provide better monomer mobility, but surface polymerization is still problematic due to the lack of catalytic activity, which means a higher energy barrier to the activation step. Consequently, thermal activation of the adsorbed precursor undergoes premature desorption at low temperatures before reaching the activation step. Thus, it seems mandatory to find another way to initiate the reaction. In this context, an adapted molecular design with specific functional groups to enhance the adsorption of molecular units to surfaces may represent a solution for adaptation to thermally activated stimuli. For example, Kittelmann et al. addressed this desorption problem by introducing carboxylic acid groups as "anchors" to increase the adhesion to the underlying calcite surface. [START_REF] Kittelmann | On-Surface Covalent Linking of Organic Building Blocks on a Bulk Insulator[END_REF] Upon deposition at room temperature of the 2,5diiodobenzoic acid (DIBA) on calcite surface form extended and highly ordered islands of assembled molecules that undergo a clear transformation into 1D linear polymer after thermal activation at 580 K. The formation of the polymer was monitored and revealed using nc-AFM Figures adapted from (24,25).

under UHV, as highlighted in Figure 1.9a-c. Far from thermal stimuli, irradiation of the surface with external light source could also be an efficient way for the activation decoupling reaction initiation from monomers desorption. For instance, Grossmann et al. were able to synthetic ordered porous 2D polymers through two-step topo-chemical photo-polymerization on alkane passivated graphite surface in UHV. [START_REF] Grossmann | On-Surface Photopolymerization of Two-Dimensional Polymers Ordered on the Mesoscale[END_REF] (26).
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I.2.2.3 Semiconductor surfaces

Besides insulators and metals, semiconductor surfaces have promising properties due to their technological relevance. However, so far they have been rarely used for surface synthesis due to their high reactivity that generally limits molecular diffusion and prevents covalent coupling.

Clean semiconductor surfaces prepared under UHV conditions are usually rich in dangling bonds, which are active sites where reactions can take place. Therefore, the organic functionalization of semiconductor surfaces under vacuum is an active area of research aimed at understanding the molecular attachment mechanisms and how they can be controlled at the atomic level. Based on data from the literature, involving studies on Si/Ge (111)-7x7 and (100)-2x1 reconstructed surfaces, as can be seen in the table of Figure 1.11, three possible reactions can be distinguished:

1) Dative bond formation: called also coordinate covalent bond, in which both electrons in the bond derive from the same atom. [START_REF] Min | Dative Bonding of Organic Molecules[END_REF] 2) Dissociative reaction: This reaction can occur for molecules containing an electronegative atom bonded to hydrogen. In the case of Si(111)-7x7 surface, an adatom, and a rest atom are involved, in parallel, a dimer is required for Si/Ge(100)-2x1. with the same data as they appeared in the review of Bent et al. [START_REF] Sandoval | Adsorption of Multifunctional Organic Molecules at a Surface: First Step in Molecular Layer Deposition[END_REF] Surface as active support for on-surface synthesis Chapter I:

22 Noticeably, all these reactions occur on localized reactive sites of the semiconductor surface where the resulting products remain grafted to the surface, which can be problematic for bottom-up fabrication of organic nanostructures by on-surface coupling reactions. Although, a saturation of surface dangling bonds could help to overcome such drawbacks, leading to decoupling molecules from the substrate, thus to improve their mobility. Recently, Olszwski et al. reported a successful C-C coupling reaction upon thermal activation of 10,10'-diiodo-9,9'bianthryl (DIBA) molecules deposited on H-terminated Ge(001) surface, kept at 200 °C. [START_REF] Olszowski | Aryl Halide C-C Coupling on Ge(001):H Surfaces[END_REF] The formed oligomers are relatively short (Figure 1.12d) yielded by the factor of thermal instability of the passivation layer, since dehydrogenation of buffer layer becomes extensive above 250 °C. (31).
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Besides the passivation of semiconductor surface by anchoring hydrogen atoms, another route of passivation can be achieved by reconstructing the surface of highly boron-doped silicon substrate under UHV, known as B-doped Si(111)-√3x√3R30°. In our group, this surface was widely used to self-assemble organic molecules into a rich variety of extended and regular structures. [START_REF] Makoudi | Supramolecular Self-Assembly on the B-Si(111)-(√3x√3) R30° Surface: From Single Molecules to Multicomponent Networks[END_REF][START_REF] Baris | Robust and Open Tailored Supramolecular Networks Controlled by the Template Effect of a Silicon Surface[END_REF][START_REF] Copie | Surface-Induced Optimal Packing of Two-Dimensional Molecular Networks[END_REF] Due to its adaptability to the construction of supramolecular networks that reflect the mobility of adsorbed molecules, this surface seems to be promising for successful on-surface synthesis. In chapter 4, we report the very first on-silicon radical polymerization induced by the STM tip.

I.2.3 External stimuli

I.2.3.1 Thermal annealing

The popularity of the annealing method that ranks it as the most adopted approach in on-surface examples demonstrate the ability of thermal annealing to control the likelihood of following specific reaction pathways, thus opening up new ways to obtain functional products. However, thermal annealing approaches require large amounts of energy as most of the energy is dissipated in the bulk of the substrate, and only a small amount is exploited in the reactions on the surface. Also, for weakly interacting substrates (usually insulators), desorption of the precursor occurs before the reaction proceeds. Therefore, alternative, more appropriate external stimuli, such as exposure to light, can be used. (35).

synthesis
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I.2.3.2 Light irradiation

Light is a promising candidate as a stimulus that can elicit on-surface reactions. This approach has obvious advantages:

1. High spatial resolution down to the limit of light diffraction on the order of several hundred nm allowing more localization of the reaction comparing to thermal annealing.

2. Selective excitation of the desired chemical composition depending on the wavelength and polarization of the light radiation.

3. A non-invasive energy source that can stimulate molecular systems from a distance without adding chemicals.

In the context of on-surface reactions, light excitation for molecules adsorbed on a surface, in UHV as well as in air conditions, can proceed following two different processes called adsorbate excitation (ADS) and hot electron attachment (HEA). [START_REF] Palmino | Photochemistry Highlights on On-Surface Synthesis[END_REF] In the case of ADS, the absorption of an incident photon with corresponding energy by the adsorbed molecule induces intramolecular excitation of one electron of the HOMO towards its LUMO, as highlighted in to the holes and electrons, respectively. Figures adapted from (36).
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In the case of HEA, incident photons are captured by the surface to create one photo-excited hot-electron that attaches to an unoccupied state of the adsorbed molecule (Figure 1.14b), leading to the formation of a transient anionic state. This process requires mainly metal surfaces due to their plasmonic properties allowing the generation of high hot electrons upon light absorption.

Compared to thermal stimuli, photo-induced molecular responses on surfaces separate activation from temperature to selectively control specific chemical reactions and avoid some side reactions by modulating thermodynamic and kinetic aspects. Despite promising Thermal annealing provides longer polymers due to improved diffusion. Figures adapted from (37). the possibility to induce such a polymerization using a light source. [START_REF] Nacci | Thermalvs Light-Induced On-Surface Polymerization[END_REF] For this purpose, dibromoanthracene (DBA) molecules were deposited on an Au (111) surface held at room temperature.

Then, the sample was illuminated for 1 hour, under UHV conditions, with a UV light (266 nm, 6.10 mW), leading to the formation of covalently bonded linear polymers. This result, signal successful photoinduced debromination of DBA molecules followed by C-C coupling chemical reaction between formed biradicals. The authors performed the same reaction by thermal annealing and found that formed polymeric chains by photoinduced method are shorter (even when irradiation time is extended up to 6 hours) indicating a diffusion-limited polymer growth, as shown in Figure 1.15.

I.2.3.3 Tip induced

In addition to heat and light as external stimuli to trigger on-surface reactions, the sharp tips used in scanning tunneling microscopy act as electron emitters that could also be a good candidate to provoke tip-induced reactions. Depending on the polarity of applied bias voltage (dV), the tunneling current can either flow from the tip into empty electron states above the Fermi level (EF) of the sample or, vice versa, from the sample into empty states of the tip.

Besides electronic structures, molecules also possess mechanical (translation, rotation, vibration) degrees of freedom that can be excited by the tunneling electrons via an inelastic tunneling process (IET). In fact, the energy of electron tunneling inside the STM junction can be controlled by adjusting the applied bias. Thus, by varying dV accordingly, electrons may now tunnel also inelastically by losing characteristic quanta (ΔE) due to the excitation of vibrational modes of an adsorbed molecule. Hence, molecules are now in an adsorbate-induced resonant state, and bond breaking can also be realized if tunneling electron possess enough energy to cross the vibrational dissociation barrier (ΔE ≥ Ediss, see Figure 1.16). In 2000, Hla et al. pioneered STM manipulation by using STM tip to perform Ullmann coupling reaction of iodobenzene molecules Cu (111) substrate. [START_REF] Hla | Inducing All Steps of a Chemical Reaction with the Scanning Tunneling Microscope Tip: Towards Single Molecule Engineering[END_REF] In a first manipulation, the iodinecarbon bond cleaves upon the injection of electrons. Further manipulation was performed to bring two phenyl radicals close to each other. Finally, by excitation of two phenyl radicals, covalent coupling of the phenyl radicals was triggered, to form a biphenyl product (more detailed in chapter 4). This experiment presents tip manipulation as a powerful tool to control on-surface reactions allowing fabrication of high precision molecular electronics. For instance, Kaiser et al. generated atomically precise cyclo [18]carbon using atom manipulation on bilayer NaCl on Cu(111) at 5 Kelvin. [START_REF] Kaiser | An Sp-Hybridized Molecular Carbon Allotrope, Cyclo[18[END_REF] After deposition of cyclocarbon oxide C24O6 molecule, it appears as triangular objects with dark features at the corners and two bright protrusions at each side. By positioning the tip over the molecule, and increasing bias voltage to about 3 V, carbon monoxide was found to be eliminated from the cyclocarbon oxide molecular precursor C24O6.

Three levels of decarbonylation were observed by the removal of two, four, or six CO moieties, as illustrated in Figure 1.17 (39).

Therefore, one can think that this technique is a restraint to molecular-scale structures and not adapted for larger polymer production. In contrast, for instance, Clair et al. demonstrated the control on the synthesis reaction of a two-dimensional polymer on a metal surface by atom manipulation. [START_REF] Clair | Tip-or Electron Beam-Induced Surface Polymerization[END_REF] Boronic acid precursor (BDBA) was deposited on a Ag (111) surface and 2D

H-bonded supramolecular network. Then, using STM tip the primary supramolecular phase was locally disturbed over an nm-sized area, to initiate a dehydration reaction that slowly propagated until the complete disappearance of the H-bonded phase and formation of extended nanoporous covalent network. The evolution of the reaction in the time starting from the tip intervention until the complete transition to polymeric system is presented in Figure 1.18. propagates until the complete disappearance of the H-bonded phase. Figures adapted from (40).

I.2.3.4 Collision

Collision-driven reactions take place, usually, when an accelerated molecule hits another molecule or medium with enough kinetical energy that can be dissipated to overcome the activation barrier. These processes are of technological and fundamental importance in many fields such as heterogeneous catalysis, epitaxial material fabrication, astrochemistry, and biomolecular analysis. [START_REF] Jiang | Quantum Dynamics of Polyatomic Dissociative Chemisorption on Transition Metal Surfaces: Mode Specificity and Bond Selectivity[END_REF][START_REF] Jacobs | Reactive Collisions of Hyperthermal Energy Molecular Ions with Solid Surfaces[END_REF][START_REF] Harvey | Relative Interfacial Cleavage Energetics of Protein Complexes Revealed by Surface Collisions[END_REF] Considering heterogeneous reactions, the collision of gas molecules with solid crystal surfaces attract the attention of chemists for a long time, but recently also surface physicists who have benefited from their experience working in ultra-high vacuum conditions. Therefore, carrying out collision-induced reactions at low-pressure, where many characterization techniques can be applied such as STM, and XPS, allows a better understanding of mechanisms to trigger novel reactional pathways. For many adsorption
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Chapter I: 31 systems studied in the literature, it has been shown that chemisorption proceeds mainly by two mechanisms: direct dissociation and precursor mediated. [START_REF] Mcclure | Dynamics of Precursors in Activated Dissociative Chemisorption Systems[END_REF] In the case of direct dissociative Ed is the activation energy of the physisorbed state and Er is the activation barrier of the chemisorbed state. Figures adapted from (44).

chemisorption, the colliding gas molecules have sufficient kinetic energy to dissociate and chemisorb directly to the surface, overcoming the potential energy barrier of the reaction. In other words, impulsion occurs at timescales faster than thermalization leading to a selective, nonthermal reaction path, i.e. high kinetic energy is required. However, in the case of precursormediated chemisorption, colliding gas molecules must lose sufficient energy upon collision to become trapped in the precursor state, usually within the physisorption potential of the surface.

The energy released by this binding is taken up by the surface and/or spread over all molecular degrees of freedom, thus trapped molecules thermally accommodated to the surface temperature. If they don't desorb from the surface back into the gas phase, molecules' lifetime in precursor state allows their diffusion to find reactive sites to chemisorb onto the surface,
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Chapter I: 32 usually breaking an internal bond. For a given system (molecular/surface), if the potential barrier to chemisorption is less than zero vacuum (Figure 1. 19), we define it as "facile", otherwise we define the system as "activated". The barrier height can vary with the different energies of the incident molecule (translation and vibration) and depends on the orientation of the molecule with respect to the surface. Correspondingly, different crystal planes of the surface could affect the height of the barrier. On the other hand, solid substrates, such as metal and narrow bandgap semiconductors, can fuel a charge transfer between impinging molecules and the surface. Hence, perturbation of molecular electronic states induces bond stretching and facilitates dissociation. The field of collision chemistry is relatively old and its beginning is attributed to Lennard-Jones description of the dissociative chemisorption of a molecule on a surface with a diagram similar to the one in Figure 1. 19, in 1932. [START_REF] Lennard-Jones | Processes of Adsorption and Diffusion on Solid Surfaces[END_REF] Yet, it is a mechanism for dissociative chemisorption that had largely been forgotten, despite some activity in the 1990s, [START_REF] Ceyer | New Mechanisms for Chemistry at Surfaces[END_REF] until recently. One of the main advantages of this mechanochemical reactivity is to be carried out at low pressure, typically in ultra-high vacuum, which allows scanning probe microscopies to be used to identify products adsorbed by impact collisions. For instance, Krumbein et al. (47,48).

I.3 Motivation and structure of the thesis

In the last two decades, on-surface synthesis including all processes that take place on the topend plan of a solid substrate that interacts with the adjacent phase, usually gas, has recognized Motivation and structure of the thesis Chapter I: 34 an enormous revolution thanks to the development of a broad arsenal of incredibly sensitive high-resolution microscopic and spectroscopic techniques and the so-called 'surface science approach'. Benefiting from the clean environment, ultra-high vacuum, and surface science in general, this approach stands as an ideal platform for the atomically precise creation and characterization of miniaturized functional structures. As presented in this chapter, important efforts were brought to enrich the on-surface synthesis toolbox and improve the understanding of the chemical reaction mechanisms on the surfaces. However, related works are still relatively

scarce, yet requiring more contributions to enlarge our understanding and expertise in the field from one side, and to transfer that knowledge more toward real-life beneficial applications from another side. In this context, comes the work of this thesis in which we have studied many onsurface chemical reactions for fabrication of desired structures, following different growth approaches (step/chain -growth), using various substrate materials (metal and semiconductor), and adopting various stimulation energy forms (STM tip, thermal annealing, and collision).

Therefore, the layout of this thesis is as follows:

Chapter 2 represents the experimental techniques and equipment which are used for performing and monitoring experiments under UHV. As well, we give a brief presentation of used surfaces concerning their crystalline structures.

Chapter 3 focuses on three non-halogenated precursors, two of which are modified versions by adding lateral chemical moieties in order to grow functional graphene nanoribbons. The study is also done on two different metal surfaces in order to steer the reaction pathway and change its outcome.

Chapter 4 investigates the feasibility of triggering a radical polymerization process on a semiconductor surface, the B-doped Si(111)-√3x√3R30°. The STM tip is used as an electron source to initiate and manipulate the reaction. In addition, the chemical behavior of confined radicals inside the porosity of an organic self-assembled 2D framework is studied.

Chapter 5 concentrates on the usage of highly reactive reconstructed Si(111)-7x7 surface, under UHV, to promote a facile dissociation of inert N2 molecules upon soft collision at room temperature and low gas pressure.

Chapter 6 is the last one in which we summarize the results of the whole thesis work and open the door for further perspective.

The basics of scanning tunneling microscopy
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Chapter II: Experimental

The scanning tunneling microscope (STM) was invented by Gerd Binnig and Heinrich Roher in 1982 at the IBM research laboratory in Switzerland. [START_REF] Binnig | Scanning Tunneling Microscopy[END_REF][START_REF] Binnig | Scanning Tunneling Microscopy-from Birth to Adolescence (Nobel Lecture)[END_REF][START_REF] Binnig | Surface Studies by Scanning Tunneling Microscopy[END_REF] In 1983, they obtained the first atomic-resolution image of a silicon surface by working under ultra-high vacuum (UHV) and at low temperatures. [START_REF] Binnig | 7x7 reconstruction on Si(111) Resolved in Real Space[END_REF] This discovery was a revolution for the observation of conductive and semi-conductive surfaces at the atomic scale. A few years later, the two inventors were also rewarded for their work with the Nobel Prize in Physics in 1986. [START_REF] Binnig -Facts | Nobel Prize Outreach AB[END_REF] For more than three decades, scanning tunneling microscopy has become one of the indispensable tool for surface characterization. The first section of this chapter outlines briefly the basic principles of scanning tunneling microscopy. The following section describes the experimental setup with which this thesis work was carried out. Finally, the last section presents the structures of all surfaces used in our experiments.

II.1 The basics of scanning tunneling microscopy

Scanning tunneling microscopy (STM) is one of the few techniques capable of providing true atomic resolution by allowing real-space inspection of conductive and semi-conductive solid surfaces. It consists of scanning an atomically sharp metal tip over a metal or semiconductor surface, at a distance of a few Angstroms, with the aim of measuring an electric current. The origin of the latter is due to the electrons crossing by tunnel effect, the potential barrier associated with the vacuum separating the two electrodes formed by the tip and the surface. An STM tip is usually made of W or a Pt-Ir alloy and is attached to a scanning unit 'a piezo tube scanner', as illustrated in Figure 2.1. The piezoelectric scanning unit, whose dimensions can be controlled by externally applied voltages, allows the tip to be positioned relative to the sample (x, y, and z) with extremely high accuracy of around 1 pm. Thus, a lateral scanning of the sample can be done by recording for each position of the tip a tunneling current which will allow us to reconstruct an image of the surface, pixel by pixel. To detect these tunnel currents, the tip and sample are moved a few Å closer together so that the electron wave functions of the tip and the sample begin to overlap at such small distances, thus causing the circulation of an Basically, in order to get a tunneling current going from one side to the other, you have to apply a bias voltage in between the tip and the sample because as long as the tip and the sample are at the same electrical potential their Fermi levels line up exactly or too close. Therefore, no tunneling current can be detected since no empty states on either side are available for tunneling into. Indeed, Pauli's exclusion Principle outlaws that two electrons occupy the same quantum state. For this reason, application of a bias voltage (Vbias) between the tip and the sample is required, allowing effectively to raise the Fermi level on one side, thus empty energy states become available on the other side for tunneling into. Indeed, applying a voltage between the tip and the sample act as defining the starting point and the end states. Hence, it is important to electrically bias the junction to allow a current to flow in a given direction. In our case, the STM tip is biased while the sample is grounded. The basics of scanning tunneling microscopy
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The most common theoretical method for calculating tunneling current was developed by Bardeen, who proposed a simplified model built of metal-vacuum-metal tunneling junction based on a time-dependent perturbation approach. [START_REF] Bardeen | Tunnelling from a Many-Particle Point of View[END_REF] However, this approach leads to an equation involving the wave functions of the tip and the sample, which are impossible to determine. Therefore, further simplification was needed to facilitate the calculation of the tunneling current. J. Tersoff and D.R. Hamann 54 modeled the STM probe by a spherical-tip approximation and solved the equation by considering only an s-wave function: In other words, STM images are the convolution of the geometric and electronic structures of the tip with the electronic structure and composition of the surface. If we consider that we have a perfect sharp tip in which the current flows mostly through one atom at its apex, atomic resolution can be obtained using STM, thus we can summarize the above expressions of tunneling current into a generalized form as follows:

𝐼 𝑡 ∝ 𝑉 𝑏𝑖𝑎𝑠 𝜌 𝑡𝑖𝑝 𝜌 𝑠𝑎𝑚𝑝𝑙𝑒 (𝑟 0 , 𝐸 𝐹 ) (Eq2.
𝐼 𝑡 ∝ 𝑉 𝑏𝑖𝑎𝑠 𝜌 𝑡𝑖𝑝 𝜌 𝑠𝑎𝑚𝑝𝑙𝑒 𝑒 -𝑘.𝑧√𝑈 (Eq2.3)
In fact, STM senses filled and unfilled electronic states near the Fermi surface in an energy range determined by the applied bias voltage and it can operate in two different modes constantcurrent and constant-height, which are illustrated in Figure 2.3. [START_REF] Hansma | Scanning Tunneling Microscopy[END_REF] The constant-current mode requires a more elaborate setup where a feedback loop is used to keep the tunneling current equal to a user-defined setpoint by adjusting the tip height at each measurement point. For instance, if the system detects a decrease in the tunneling current, it adjusts the voltage applied to the piezoelectric scanner to decrease the distance between the tip and the sample. In this mode, the ensemble of data related to the motion of the piezoelectric scanner tube in the z-direction to maintain the current constant (equal to user-defined setpoint) is then used to reconstitute the topography of the surface. Therefore, since the feedback loop ensures continuous control on the tip position, irregular surfaces topography can be measured with high precision without risking the crash of the tip into the surface, but the measurement can take a long time. This mode is essential for the initial tip approach.

Constant-height mode is more simple since no feedback loop is required. The STM tip is maintained at a constant height close to the surface scans in the 2D plane and records the variation of the current tunnel at each position. The set of measured data relating to the variation of the tunneling current is thus used to reconstruct the topography of the surface. This mode is much faster and offers better stability due to the absence of vertical movements, but requires pre-recognition of flatness and roughness of the surface to avoid breaking the tip.

In addition to surface topography, STM is a powerful tool that can provide local spectroscopic measurements at the scale of an atom. In its simplest case, scanning tunneling spectroscopy (STS) is achieved by fixing the tip-sample distance at a particular location on the surface and varying the applied bias voltage (Vbias). Therefore, an I-V curve can be recorded from which derives useful information about the energy levels of the surface (or adsorbed molecule) such as conduction band, valence band, HOMO and LUMO, bang gap, etc. However, it is important to mention that this requires the mastery of the preparation of the tip and its calibration on a reference sample to have information on its densities of states before going to exploit an unknown sample. [START_REF] Chen | Introduction to Scanning Tunneling Microscopy[END_REF] We will not go into details, especially since the STS will not be used in the work of this thesis.

Experimental setup
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II.2 Experimental setup

Variable Temperature Ultra-High Vacuum Scanning Tunneling Microscope (VT-STM-XA)

designed by 'Omicron NanoTechnology GmbH' is used to carry out all images of this thesis work using the constant-current mode. The temperature of the sample placed on the STM head can be modified from 100 K up to 500K, which allows investigating the temperature evolution study while scanning. The cooling is achieved by a cryogenic liquid nitrogen N2 bath thermally connected to the sample with oxygen-free and high-conductive copper braids. A resistive heater element is placed above the sample on the STM head to heat the sample. An eddy current magnetic damping system associated with spring suspension is employed to ensure efficient isolation of external noise and vibrations. In the ultra-high vacuum experimental device, there is another chamber dedicated to the preparation of samples, interconnected with the STM chamber. A combination of primary pump, turbomolecular pump, ion getter pump, and titanium sublimation is used to reach an ultra-high vacuum below 2.10 -10 mbar, in each chamber. The two chambers are separated by a valve, which serves to keep the STM chamber clean by preventing pollution from reaching it during sample preparation. The preparation chamber is equipped with standard components for sample preparation, such as ion source (for metal substrates), direct-current heating (for silicon substrates), a three-axis manipulator (x, y, z, ϴ), a wobble stick, and a molecular evaporator.

The transfer of the sample and the tip, between two chambers, is enabled by a magnetic manipulator. Samples and tips are introduced from ex-situ using a fast airlock system. Newly entered tungsten tips are annealed in the STM chamber using a tantalum sheet to remove the oxide layer and any other contaminants. Figure 2.4b shows our setup and highlights the main equipment presented above.

II.3 Substrates

In this section, four different substrates that have been used throughout this thesis will be presented. For each a brief description of its crystallographic structure will be made here, however, the preparation method will be provided in the following chapters depending on the used substrate.

II.3.1 Metal

II.3.1.1 Au(111)

The crystal structure of gold is face-centered cubic (fcc) with a lattice constant of a = 4.08 Å.

Gold is the only fcc metal whose hexagonal structure of the (111) surface reconstructs in a (22x √3) overlayer structure known as herringbone reconstruction to minimize the surface energy.

The herringbone reconstruction develops due to a contraction of 23 atoms of the top layer above 22 atoms of the second layer, as shown in Figure 2.5a-b. This contraction of surface atoms is consistent with a stacking-fault-domain model involving periodic (one period equal 63 Å) transitions between surface regions with fcc-type stacking and hexagonal-close-packed (hcp) stacking of top-layer atoms induced by surface elastic strain. [START_REF] Hanke | Structure and Local Reactivity of the Au(111) Surface Reconstruction[END_REF] The fcc regions are wider than the hcp regions with a width of 38 Å compared to 25 Å. This indicates that fcc stacking is energetically more favorable, which is consistent with the fcc bulk structure of gold.

The fcc and hcp areas are separated by ridges caused by the bridge atoms between the fcc and hcp stacking. references (57,58,59), respectively.

Au (111) surface prepared under UHV. The herringbone reconstruction is clearly observed in the image where the atoms in the bridge sites appear brighter. We note, that this reconstruction can be prepared in ambient conditions also since the gold is a noble metal rendering an inert surface. It's worth noting that at -0.52 eV, a Shockley-like surface state appears on the clean Au (111) surface. [START_REF] Crommie | Imaging Standing Waves in a 2D Electron Gas[END_REF] This surface state is an important reference to test and calibrate STM tips before performing spectroscopic measurements on unknown surfaces.

II.3.1.2 Cu(111)

In contrast to Au (111), the surface of Cu (111) does not reconstruct but retains its overall structure. The copper crystal has an fcc structure (see Figure 2.6a) with a lattice constant of a = 

II.3.2 Semiconductor

II.3.2.1 Si(111)-7x7

The 7x7 reconstruction of the ( 111) face of silicon is the most stable phase at room temperature among the various reconstructions of the Si(111) surface, such as 5x5, 9x9, or 2x1. Takayanagi proposed an atomic model, the dimer-atom-stacking fault (DAS), based on his study of this surface under UHV by transmission-electron diffraction, which was in agreement with the first STM images of the 7x7. [START_REF] Takayanagi | Structural Analysis of Si(111)-7×7 by UHV-transmission Electron Diffraction and Microscopy[END_REF] The 7x7 DAS model, shown in Figure 2.7, has 12 adatoms (atoms that saturate the first layer's dangling bonds) arranged in two half-cells, 6 rest-atoms (atoms in the first layer that aren't saturated by an adatom), and 1 corner-hole (gap). This complex reconstruction contains 102 atoms:  48 atoms above the 1x1 of Si(111) (including dimers).

 42 atoms (including rest-atoms) in the upper layer.

 12 adatoms.

Thermally annealing a silicon single crystal above 1000 °C under UHV conditions, followed by slow cooling to ambient temperature, yields the (7x7) reconstructed Si (111) surface. Since dangling bonds on each adatom contribute a significant amount of total surface energy, the surface reconstructions appear in such a way as to minimize the surface free energy. 

II.3.2.2 Si(111)-B √3x√3 R30°

The presence of dangling bonds on the top atomic layer of silicon surface results in a very high reactivity. In order to obtain less reactive surfaces, it has been shown that doping with group III elements (B, Al, Ga, and In) which have one less valence electron than silicon can completely passivate the surface by saturating the dangling bonds. [START_REF] Lander | Surface Reactions of Silicon with Aluminum and with Indium[END_REF] Surface passivation is achieved experimentally by thermal annealing of a doped substrate under UHV. The dopants initially implanted in the silicon crystal can move and migrate towards the surface as a result of thermal agitation, a phenomenon known as 'exodiffusion.' With the exception of boron, trivalent elements are positioned in T4 sites. [START_REF] Baumgärtel | Structure determination of the (√3x√3)R30° Boron phase on the Si (111) surface using photoelectron diffraction[END_REF][START_REF] Aldahhak | Electronic Structure of the Si(111)√3x√3R30°-B Surface from Theory and Photoemission Spectroscopy[END_REF] Meanwhile, in the second layer, a boron atom of smaller size is substituted for a silicon atom on a specific site called S5 located every √3 times the lattice parameter of Si (111). The concentration of boron atoms on the surface depends on the initial doping concentration of the substrate beside the duration, and the temperature of the annealing.

It is thus possible to achieve a very high concentration of boron atoms, i.e. a maximum of 1/3 of the monolayer. The accepted structural model describing this reconstruction is presented in Supported by a key finding over two decades ago, on-surface assisted synthesis has been developed as a powerful approach for obtaining covalently bonded nanostructures with an atomic-scale thickness, which could not be priorly arose via "traditional chemistry in solution". [START_REF] Grill | Nano-Architectures by Covalent Assembly of Molecular Building Blocks[END_REF][START_REF] Gourdon | On-surface covalent coupling in ultrahigh vacuum[END_REF][START_REF] Matena | Transforming surface coordination polymers into covalent surface polymers: linked polycondensed aromatics through oligomerization of N-heterocyclic carbene intermediates[END_REF][START_REF] Lipton-Duffin | Step-by-step growth of epitaxially aligned polythiophene by surface-confined reaction[END_REF] The first attempt for the formation of covalent bonds between adsorbed molecular building blocks on surfaces [START_REF] Xi | Mechanisms of the Ullmann coupling reaction in adsorbed monolayers[END_REF] , sprouted out from the nature of the chemical bond that could facilitate efficient charge transport between adsorbed molecules and highly stabilize resulted nanostructures, which in the case of supramolecular systems, weak intermolecular interactions couldn't provide. Indeed, the applications of atomically flat surfaces, as underlying substrates, and molecular building blocks, that possess potential reactive sites that enhance region-selective activation upon external stimuli, became nowadays intensive research tools that could boost the integration and applicability of formed covalently bonded nanostructures as nanocomponents into functional devices.

In the contrast to 2D nanomaterials, the synthesis of 1D covalently bonded nanostructures on metal surfaces, such as graphene nanoribbons (GNRs), has been widely investigated in UHV by scanning probe microscopies, owning to their intrinsic capability to tune electrical and optical properties based on their width and edge configuration which is controlled by the contemplating choice of the utilized molecular building blocks, adsorbed upon surfaces, at atomically size bottom-up fabrication. [START_REF] Cai | Atomically Precise Bottom-Up Fabrication of Graphene Nanoribbons[END_REF][START_REF] Han | Bottom-Up Graphene-Nanoribbon Fabrication Reveals Chiral Edges and Enantioselectivity[END_REF][START_REF] Talirz | On-Surface Synthesis of Atomically Precise Graphene Nanoribbons[END_REF][START_REF] Narita | New Advances in Nanographene Chemistry[END_REF][START_REF] Cai | Graphene Nanoribbon Heterojunctions[END_REF][START_REF] Bronner | Aligning the Band Gap of Graphene Nanoribbons by Monomer Doping[END_REF] Among all accessible molecular building blocks for the on-surface synthesis of GNRs, 10,10'-dihalogenated-9,9'-bianthryl derivates and 2,2'-dihalogenated-9,9'-bianthryl are the most studied for obtaining GNRs with armchair and chiral (3,1) GNRs edges, respectively. 74,75,80 (2,2'-dihalogenated-9,9'-bianthryl) resulted into chiral (3,1) GNRs independently from the substrate on which chemical reaction occurs [Ag (111), Au (111), and Cu (111)]. This figure is adapted from the publication of Oteyza et al. [START_REF] De Oteyza | Substrate-Independent Growth of Atomically Precise Chiral Graphene Nanoribbons[END_REF] The pioneering work of on-surface synthesis, presented in Figure 3.1a, of GNRs with armchair configuration (7-AGNR) was reported by Cai et al. [START_REF] Cai | Atomically Precise Bottom-Up Fabrication of Graphene Nanoribbons[END_REF] in 2010, where the chemical pathway is based on thermally induced radical debromination at 10,10' sites by Ullman-like coupling of 10,10'-dibromo-9,9'-bianthryl monomers (molecular precursor 1) followed by a cyclodehydrogenation, once they were deposited onto Au (111) and Ag(111) surfaces. [START_REF] Cai | Atomically Precise Bottom-Up Fabrication of Graphene Nanoribbons[END_REF] Furthermore, four years later, in attempt to extend synthesis of GNRs on Cu (111) surface with the same molecular building blocks, the thermal activation of radicals by Ullman coupling assisted by Cu(111) adatoms at 10,10' sites could not be promoted comparing to reaction upon Au (111) and Ag (111) surfaces, yet leading to activation of radicals at 2,2' sites which resulted into (3,1)-GNR of edge structure with chiral configuration [START_REF] Martin | Atomic Force Microscope-Force Mapping and Profiling on a Sub 100-Å Scale[END_REF] , as presented in Figure 3.1b. This surprising result consisting in the violation of the Ullman coupling phase led to a big scientific debate with a large number of studies trying to understand and explain the irregular behavior of 10,10'-dibromo-9,9'-bianthryl on Cu(111) surface. [START_REF] Han | Reply to 'Comment on Bottom-Up Graphene-Nanoribbon Fabrication Reveals Chiral Edges and Enantioselectivity[END_REF][START_REF] Simonov | Effect of Substrate Chemistry on the Bottom-Up Fabrication of Graphene Nanoribbons: Combined Core-Level Spectroscopy and STM Study[END_REF][START_REF] Simonov | Comment on "Bottom-Up Graphene-Nanoribbon Fabrication Reveals Chiral Edges and Enantioselectivity[END_REF][START_REF] Simonov | From Graphene Nanoribbons on Cu(111) to Nanographene on Cu(110): Critical Role of Substrate Structure in the Bottom-Up Fabrication Strategy[END_REF] In both cases, 10,10' sites of 2,2'-dihalogenated (molecular precursor 2 of Figure 3.1b) and pristine bianthryl (molecular precursor 3 of Figure 3.2) equally remained intact upon thermal activation on Cu (111), leading towards open possibilities for producing a large variety of GNRs with tailored properties using the latter precursor: 
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The subject of on-surface elaboration of laterally functionalized GNRs was scarcely presented in reported literature yet a few examples were carried out based on usage of 10,10'dihalogenated bianthryl by adding functional moieties molecular precursors where the armchair GNRs were developed independently of the choice of the underlying substrate. [START_REF] Moreno | Critical Role of Phenyl Substitution and Catalytic Substrate in the Surface-Assisted Polymerization of Dibromobianthracene Derivatives[END_REF][START_REF] Carbonell-Sanromà | Doping of Graphene Nanoribbons via Functional Group Edge Modification[END_REF] While BA molecule is used as non-halogenated molecular precursors for the development of chiral (3,1)

GNRs, it possesses the opportunity to provide functionalized GNRs with diverse functional lateral molecular moieties placed at 10,10'-sites, introducing this as a strategy that has not been reported in the literature so far to our knowledge neither by using her halogenated "sister" 2,2'dihalogenated BA. Here in this chapter, we investigate the possibility to synthesize functionalized chiral GNRs by thermal annealing on Cu(111) surface, using the nitrogen-based functionalized non-halogenated 9,9'-bianthryl molecules on Cu(111) at 10,10'-sites, as presented in the proposed chemical schemes in Figure 3.3. Therefore, in the first part of this chapter, we will investigate the formation of GNRs on Cu (111) surface based on molecular precursors that possess pyridyl and cyanophenyl molecular groups at 10,10'-sites, respectively.

Furthermore, in the second part of this chapter, we will study the influence of substrate, Au (111) instead of Cu (111,) upon the reaction mechanism for the formation of chiral GNRs supported by pyridyl and cyanophenyl-based molecular precursor

III.1 Material and methods

In this section, we present chosen molecular building blocks and their corresponding dimensions as well as the chemical moieties used for the functionalization. In a second subsection, we introduce the used instrumentation and the procedure of preparation of Cu (111) and Au(111) surfaces.

III.1.1 Molecules

Herein we present the three molecules investigated all along this chapter. CPK models of Figure 

III.2 STM experimental results

In this section, we present the development of 2D-supramolecular network of 9,9'-bianthryl BA, 10,10'-di(4''-pyridyl)9,9'-bianthryl PBA and 10,10'-di-(4''-cyanophenyl)-9,9'-bianthryl CPBA molecules on Cu (111) surface by the mean of STM characterization as a base technique of surface inspection allowing exploration of N-based functional groups in network formation.

Then, in the second part of this section (I.2.2) we introduce a study of 2D-supramolecular networks based on self-assembly of PBA and CPBA molecules when deposited on Au (111) surface. In addition, the following two subsections will elucidate the effect of thermal annealing on each network as reaction stimuli toward the formation of new nanostructures on Cu (111) surface and Au(111) surface, respectively.

III.2.1 Supramolecular networks of BA, PBA, CPBA on Cu(111) surface

Each molecule was deposited on Cu( 111) substrate held at room temperature and then moved to STM head to be cooled down to 110 K before acquiring images, subsequently. Van Der Waals interaction [START_REF] Tahara | Two-Dimensional Porous Molecular Networks of Dehydrobenzo[12]Annulene Derivatives via Alkyl Chain Interdigitation[END_REF] between BA molecules among their alternated linear configurations. Therefore, the driving forces for BA supramolecular self-assembly on Cu (111) surface are molecule-molecule interactions, of the types π-π stacking and Van der Waals interactions.
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III.2.4 Thermal annealing of PBA and CPBA molecules on Au(111) surface

Here we will investigate the chemical behaviour of the PBA and CPBA once subjected to a thermal annealing on a Au (111) surface. In order to have the optimal conditions in terms of duration of annealing and temperature, we performed set of experiments of a subsequent annealing up to 773 K during a period of time in duration between 1 hour to 4 hours. Yet, the novel obtained structures are observed after thermal annealing at 673 K while their desorption from the surface is observed after thermal annealing at 773 K. CPBA (Vs = -2.8 V, It = 5 pA, 30 nm x 30 nm) molecules, respectively.

These two corresponding measured dimensions are in according with the distance between two

Nitrogen atoms of the lateral functional groups for PBA and CPBA molecules, respectively (Figure 3.4). We measure the same width 1.05 ± 0.1 nm for the newly formed protrusions for both molecules.

III.3 Theoretical study and simulation

The surprising behavior of the functionalized molecules PBA and CPBA on Cu (111) surface resulting in disordered structure instead of linear nanostructures upon thermal annealing suggests a "bug" in the chemical mechanism proposed in the literature when we block the 10-10' sites. Theoretical simulation and study, reveals as a necessary study for a better understanding of our precursors once they are deposited on Cu(111) surface.

In this section, we present the theoretical studies by means of computational DFT calculations of the stability of the base molecule as well as its corresponding possible radicals in the gas phase and once adsorbed on the Cu(111) surface. We don't perform a simulation to determine the energy barriers of different reactional transition states, since such simulation on a single crystal surface is time-consuming and highly challenging to obtain convincing results due to the large number of reaction paths that need to be investigated and also to the high accuracy that is expected for describing low energies associated to the dynamic processes involving light Theoretical study and simulation

Chapter III: 68 species. Thus, we will determine the electronic density of the empty and filled states of the BA molecules in order to understand how hot electrons induced by thermal annealing contribute to the radical formation. This part is done in collaboration with Professor Alain Rochefort from "Polytechnique Montreal", who did all DFT calculations implying that we are only interested in the information resulting from.

III.3.1 DFT calculation: Stability of possible bi-radicals on a Cu(111) surface

Density Functional Theory (DFT) calculations were carried out at T = 0 K with Siesta package [START_REF] Soler | The SIESTA Method for Ab Initio Order-N Materials Simulation[END_REF] and the results were visualized with the Chimera software. [START_REF] Pettersen | UCSF Chimera -A Visualization System for Exploratory Research and Analysis[END_REF] We used periodic boundary conditions with vdW-DF2 (or LMKLL) functional that includes van der Waals corrections. The computations were performed with norm-conserving Trouillier-Martins pseudopotentials and double-ζ polarized atomic basis sets. The mesh cut-off used to form the real space grid in the DFT calculations was 300 Ry, and the structural relaxation and geometry optimization were carried out using conjugate-gradient method until the forces and the variation of total energy were less than 0.01 eV/Å and 0.0001 eV, respectively. We considered a vacuum region of 15 Å to minimize the interactions between periodic images in the direction normal to the slab. The We first consider the stability of gas phase or isolated molecular species, including the neutral and radical forms. In terms of electronic structure, Figure 3.17 compares the projected density of states (PDOS) of hydrogen atoms in positions 2,2' to 10,10' for the BA adsorbed on Cu (111).

The most important PDOS of C-H bonds closer to Fermi level are located at the 10,10' positions, hence they should be more probably accessible with thermal excitation. 

III.4 Discussion and result analysis

The deposition of classical BA molecules, widely known and used in the literature leads to the formation of 2D extended networks on the Cu (111) surface govern by molecule-molecule interaction of π-π stacking type between anthracene subunits of adjacent molecules. By optimizing employed parameters such as molecular coverage and heating rate, a post-annealing of BA/Cu(111) network leads to the formation of (3,1) chiral nanoribbon graphene in accordance with literature yet even much longer in our case with observed ribbons length up to 25.2 nm. These long formed (3,1) chiral GNRs of a max length of 25.2 nm are in agreement with the expectations of Sanchez et al. [START_REF] Sánchez-Sánchez | Purely Armchair or Partially Chiral: Non-Contact Atomic Force Microscope Characterization of Dibromo-Bianthryl-Based Graphene Nanoribbons Grown on Cu(111)[END_REF] since this molecule is a non-halogenated form of precursor i.e. no residual components limiting on surface diffusion yet, even very close to the longest reported chiral (3,1) GNRs (30 nm) using the 2,2' DBBA halogenated "sister" of the BA molecule. [START_REF] De Oteyza | Substrate-Independent Growth of Atomically Precise Chiral Graphene Nanoribbons[END_REF] The latter result confirms the suitability of our setup and molecules to the elaboration of nanoribbons. The same work of Sanchez et al. [START_REF] Sánchez-Sánchez | Purely Armchair or Partially Chiral: Non-Contact Atomic Force Microscope Characterization of Dibromo-Bianthryl-Based Graphene Nanoribbons Grown on Cu(111)[END_REF] the transitional species that react to form the protopolymer buildup by covalently bonded linear arrangement of molecules, not allowing to form the nanoribbons even when subjected to a postannealing at higher temperature. In fact, due to the canonical forms of BA molecule, in order to ensure higher aromaticity [START_REF] March | Advanced Organic Chemistry, 4th Edition[END_REF] , radicals formed by dehydrogenation need to take place at 10,10'

sites. This is also in accordance with our DFT study concerning the stability of isolated 2,2' and 10,10' biradicals showing that the latter form is more stable in the gas phase with an energy difference of 40 meV. Furthermore, once the stability of the radicals was questioned on the Cu(111) surface DFT calculations reveal higher stability for the 2,2' bi-radicals with an energy difference of 290 meV. In addition, simulated PDOS of hydrogen atoms corresponding to C-H bonds at 10,10' sites in the BA molecules on Cu (111) are localized near the Fermi level, thus making them of higher accessibility by thermal annealing.

Figure 3.20: Schemes of the complete reaction mechanism for the growth of chiral (3,1) GNRs

on Cu (111). A first thermal annealing leads to the formation of 10,10'-biradical followed by a radical relocation at 2,2' sites by on surface hydrogen transfer. The upcoming steps leading to the end product remain the same as accepted in the literature.

Based on cited data and arguments below, we suggest that thermally induced dehydrogenation can only take place at 10-10' sites as a first step leading to the formation of bi-radicals which in a next step, will result into a linear protopolymer. A post-annealing induces then a cyclo-dehydrogenation and should form armchair GNRs. Although, in our experiments, as in accordance with reported results [START_REF] Han | Bottom-Up Graphene-Nanoribbon Fabrication Reveals Chiral Edges and Enantioselectivity[END_REF][START_REF] Sánchez-Sánchez | Purely Armchair or Partially Chiral: Non-Contact Atomic Force Microscope Characterization of Dibromo-Bianthryl-Based Graphene Nanoribbons Grown on Cu(111)[END_REF] , BA molecules lead only to the formation of (3,1) chiral NRG on Cu (111) surface which suggests the formation of 2,2' biradicals, species already observed by nc-AFM. [START_REF] Schulz | Precursor Geometry Determines the Growth Mechanism in Graphene Nanoribbons[END_REF] [START_REF] Para | Micrometre-Long Covalent Organic Fibres by Photoinitiated Chain-Growth Radical Polymerization on an Alkali-Halide Surface[END_REF] On the other hand, one of the most important chemical process for polymeric system and composite materials fabrication, representing almost 40-45% of all industrial polymers [START_REF] Nesvadba | Radical Polymerization in Industry[END_REF] , is the free radical polymerization. The non-specific nature of free radicals relative to monomers makes it one of the most versatile polymerization methods, but at the same time makes it difficult to control the reaction. In fact, due to the rapid propagation and inevitable radical termination reactions, "living" radical polymerization without irreversible termination and transfer has been considered impossible, especially since all radicals initiate and grow at the same time. [START_REF] Matyjaszewski | Nanostructured Functional Materials Prepared by Atom Transfer Radical Polymerization[END_REF] As a response to this issue, new strategies were developed to take advantage of the balance between growing radicals and dormant species. [START_REF] Moad | The Chemistry of Radical Polymerization[END_REF]106 These methods differ in radical generation methods but involve the use of persistent (metallo)radicals to reduce the steady-state concentration of propagating radicals and limit the normal termination of living 80 polymers. The addition of these reagents to the polymerization reaction brings about the capacity to synthesize well-defined functionalized (co)polymers and complex polymeric systems, yet for the integration in the fabrication of nanocomponents it can become rapidly serious problem and a limiting factor, as these additives contaminate final products and affect their properties. In addition, tandem reactions based on radical polymerization are possible since the latter is a multistep reaction where the product of each radical is a radical, making it ideal for sequencing. [START_REF] Robert | Tandem Synthesis of Alternating Polyesters from Renewable Resources[END_REF] These reactions are governed by radicals that possess unpaired number of electrons at their active sites, resulting from a bond cleavage inside a well-designed precursor. Despite its efficiency in the absence of any catalytic role of the surface, surprisingly on surface radical polymerization has scarcely been explored with only two reported studies in the whole literature of on-surface synthesis. In 2001, Okawa et al. [START_REF] Okawa | Linear Chain Polymerization Initiated by a Scanning Tunneling Microscope Tip at Designated Positions[END_REF] recall the tip-inducing process to overcome its limitation in terms of the formation of long polymer by soliciting a radical polymerization reaction. Starting from a self-assembled monolayer of 10,12nonacosadiynoic acid (molecule with diacetylene core, Figure 4.2a) on HOPG surface when an appropriate local pulse was applied, nucleation radical center propagates in a chain polymerization reaction, due to proper preorganization of monomers, to give poly(diacetylene)

wires that terminate by defects in the monolayer. Then in 2018, another radical polymerization reaction has been accomplished on an inert KCl(001) surface where UV light irradiation was used to trigger the radical polymerization of maleimide-containing monomers in a gas phase on surface. [START_REF] Para | Micrometre-Long Covalent Organic Fibres by Photoinitiated Chain-Growth Radical Polymerization on an Alkali-Halide Surface[END_REF] The interactions of oxygen contained inside monomers with the potassium cations of underlying insulating surface facilitate the propagation of polymer along preferred axis allowing the formation of polymer fibers of length up to 1µm long, as presented in Figure 4.2b.

Since silicon is the backbone for all electronic devices nowadays, the development of onsurface synthesis chemistry on silicon surfaces imposes itself as a major scientific challenge that can pave the way toward the industrialization and mass production of novel molecular lowdimensional materials. To our knowledge, no radical polymerization reaction on silicon surface was reported until this day. Therefore, we propose to investigate the possibility of inducing oligomer radicals to promote free radical polymerization on a model silicon surface using tunneling electrons inside the STM junction, under UHV conditions.

IV.1 Materials and methods

In this section, we present chosen molecular building blocks and their corresponding dimensions. In a second subsection we introduce the preparation of Si( 111)-B √3x√3 R30° surface.

IV.1.1 Molecules

The first chosen molecule for this study is an aryl alkyl ether derivative since this type of molecule has been studied and shown that can undergo the formation of phenoxide anions and alkyl radicals via one-electron reduction process. [START_REF] Testaferri | The Reactions of Unactivated Aryl Halides with Sodium Methoxide in HMPA. Synthesis of Phenols, Anisoles, and Methoxyphenols[END_REF][START_REF] Koppang | Carbon-Oxygen Bond Cleavage Reactions by Electron Transfer. 2. Electrochemical Formation and Dimerization Reaction Pathways of Cyanodiphenyl Ether Radical Anions[END_REF] In addition, it can be engineered to reinforce molecule surface interactions by adding pyridyl moieties to the aryl based core (instead of cyanophenyl moieties that resulted in bi-layered networks in a previous study) [START_REF] Makoudi | Towards 1D Nanolines on a Monolayered Supramolecular Network Adsorbed on a Silicon Surface[END_REF] and promote stable linear arrangements on Si( 111 

IV.1.2 Surface preparation and deposition

The used substrate is a silicon wafer highly doped with boron atoms (ρ = 10 -3 Ω.cm). Inside the UHV chamber we degas sample carefully by avoiding pressure excess higher than 10 Once the deposition of PDB-OC10 on Si(111)-B surface is performed at RT and furthermore, the sample is cooled down until 110 K, we examine the self-assembly of the molecules on the submonolayer coverage. Below -4.5 V the destructive effect is still preserved and observable. This experiment shows that once a corresponding voltage (electron energy) is applied while scanning, the intact PDB-OC10 network is destroyed irreversibly, locally in the zone scanned by STM tip. We scan the displayed area of 50x50 nm 2 at -4.5 V followed by additional re-acquirement of an image ( This may open a question mark on the possibility to localize this effect at the molecular scale.

In the point of the fact, the accomplishment of such study require the use of 'atom manipulation module' that allow us to apply desired conditions under a chosen STM tip position or linear path. Since our experiments are led at 110 K, atom manipulation at a point position is not 88 reliable, thus we choose to work with linear path. Feedback loop is kept 'on' in order to insure regulation of the tunnelling current at 750 pA while target voltage (-4.5 V) is applied all along a given tip trace in manipulation mode. At the beginning, we acquire STM image of an intact zone of the network and insuring a minimum scanning drift. Then, once the scanning stability is achieved we apply voltage linear path (white vectors) across a stripe of few molecules as shown in By this result, we demonstrated the possibility to induce precise local destruction of the network i.e. transformation on the level of the starting molecular PDB-OC10 building blocks. In addition, the presented set of experiments below reveals repeatability and effectiveness of the effect at the molecular scale by applying voltage vectors on a few molecules as well as at the macroscale by scanning large areas of the network with -4.5 V.

IV.2.3 Investigation of possible reaction after dissociation of PDB-OC10 molecules

IV.2.3.1 Case of large area dissociation

In this section, we complete our investigation on the chemical behavior of PDB-OC10 molecules on Si( 111 
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Chapter IV: It should be noted that during the filling of nanopores, tip instabilities were observed upon the appearance of nanorods on the surface. 

IV.2.3.2 Case of local dissociation: voltage vectors

We repeat the previous experiment by proceeding this time with the local approach of network destruction where voltage vector is applied using atom manipulation mode. In this way, a limited number of PDB-OC10 molecules were involved in the study. After destroying many molecular lines by applying voltage vectors along, we moved to an intact zone of the network In contrast to frequently reported nanorods attributed to alkane oligomers, built up by the combination of dissociated lateral alkyl chains of PDB-OC10 molecules, the core fragments highlighted by white circle in Figure 4.16 was scarcely observed after dissociation and seems to be intact (disjoint bright pairs). Due to their rare occurrence, no statistical analysis can be made on the basis STM images. 

(
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IV.2.3.3 Comparison between resulting nanostructures in relation to the amount of dissociated PDB-OC10 molecules.

In this paragraph, we compare the resulting alkane oligomers reported in each of the cases presented in the two sections above. The first case, corresponds to the dissociation of a large amount of PDB-OC10 molecules by scanning large areas of the supramolecular network on Si(111)-B surface, using a destructive voltage of -4.5 V. Hence, the STM tip is highly loaded by Alkyl radicals increasing the density of radicals on Si( 111 Theoretical study and simulation
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IV.3 Theoretical study and simulation

This part is done in collaboration with Professor Alain Rochefort from Polytechnique de Montreal, who did all DFT calculations. Therefore, we focus our interest on the information that we can extract from this calculation as theoretical support to analyse and understand the observed experimental results.

Density Functional Theory (DFT) calculations were carried out at T = 0 K with Siesta 92 and NWChem [START_REF] Valiev | NWChem: A Comprehensive and Scalable Open-Source Solution for Large Scale Molecular Simulations[END_REF] packages, and the results were visualized with the Chimera software [START_REF] Pettersen | UCSF Chimera -A Visualization System for Exploratory Research and Analysis[END_REF] . For calculations with Siesta, we used periodic boundary conditions with vdW-DF2 (or LMKLL) functional that includes van der Waals corrections. The computations were performed with norm-conserving Trouillier-Martins pseudopotentials and double-ζ polarized atomic basis sets.

The mesh cut-off used to form the real space grid in the DFT calculations was 300 Ry, and the structural relaxation and geometry optimization were carried out 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. We considered a vacuum region of 50 Å to minimize the interactions between periodic images in the direction normal to the slab. The molecular species in the supercell were fully optimized while the reconstructed Si(111)(√3×√3) R30°-B surface slab (528 atoms) was fixed to the bulk geometry [START_REF] Cleri | Surface ordering of molecular structures by dispersion forces[END_REF][START_REF] Copie | Atomic Scale Modeling of Two-Dimensional Molecular Self-Assembly[END_REF] and where bottom Si atoms were saturated with H atoms to avoid the presence of lone pairs that may appear in the bandgap region of the substrate. With NWChem, we used the generalized gradient approximation using the PBE0 functional [START_REF] Adamo | Toward reliable density functional methods without adjustable parameters: The PBE0 model[END_REF] and include energy correction for the van der Waals interactions [START_REF] Grimme | Semiempirical GGA-type density functional constructed with a long-range dispersion correction[END_REF] . We used 6-31G** basis sets to describe all H, C, O and N atoms. All gas phase calculations on PDB-OC10 and its fragments were carried out with the geometry of PDB-OC10 as the adsorbed phase on Si(111)-B found with Siesta. In the gas phase, dissociation energy of the DB-OC10 molecule were determined through the simultaneous breaking of two C-O bonds either from the side of (CC) aromatic carbon atom, either on the side of (CH) carbon atom belonging to lateral alkyl chain, as shown in On the linearity of the formed oligomers, in contrast to "in solution polymerization" radicals in our case have to diffuse on the surface in order to react limiting possibilities to react with the substrate. This suggests a big role of the 2D confinement geometry of radicals that could be controlled to incite certain reactions that are usually not possible in solution.
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IV.5 Transfer of radicals into precisely shaped nanpores of TCPB supramolecular network on Si(111)-B surface

In this part, we aim to study the role of the STM tip in stocking alkyl radicals and stabilizing them by attempting to generate this reactive species on the sample where PDB-OC10 molecules are deposited and then to transfer them to another sample with TCPB molecules priorly deposited.

IV.5.1 STM experimental results

The TCPB molecules once self-assemble into extended 2D porous-like supramolecular network on Si(111)-B surface, where two types of nanopores are distinguished, [START_REF] Baris | Noncovalent Bicomponent Self-Assemblies on a Silicon Surface[END_REF] as shown in activation. In that context, STM high-resolution images could track surface state modification with a combination of X-ray photoelectron spectrum to identify adsorbed species. Current stateof-the-art recognizes numerous studies of the dissociation of N2 on noble [START_REF] Egeberg | Molecular Beam Study of N2 Dissociation on Ru[END_REF] and transition metal surfaces [START_REF] Rettner | Effect of Collision Energy and Incidence Angle on the Precursor-Mediated Dissociative Chemisorption of N2 on W(100)[END_REF] using a supersonic molecular beam to overcome the dissociation barrier via a hyperthermal collision [START_REF] Krumbein | Fast Molecular Compression by a Hyperthermal Collision Gives Bond-Selective Mechanochemistry[END_REF] , yet this reaction on semiconductor surfaces remains elusive. Indeed, the choice of the surface plays a crucial role when seeking for facile and direct dissociative adsorption of the impinging gas particles, in a way that intrinsic high surface reactivity requires less translational kinetic energy from the colliding gas sitting in the thermal range of energy distribution (Boltzmann-Maxwell). A potential highly reactive surface [START_REF] Joannopoulos | Semiconductor Surface Studies[END_REF] could be the Si(111)-7x7 surface, especially that in a previous study a catalytic aspect was revealed when NO toxic gas was transformed by on-surface heterogeneous process to N2O gas that desorbs from the surface. [START_REF] Ying | Thermo-and Photo-Induced Reactions of NO on Si(111)-7x7. I. Adsorption and Chemical Reactions[END_REF] However, the dissociation of ammonia is widely investigated on Si(111)-7x7 surface, under UHV, in function of surface temperature where the aim was to achieve the formation of silicon nitride after outgassing hydrogen atoms. [START_REF] Cho | Temperature-Dependent Adsorption and Dissociation Behaviors Of NH3 on Si(111)7×7: A High-Resolution Core-Level Photoemission Study[END_REF][START_REF] Björkqvist | NH3 on Si(111)-7x7: Dissociation and surface reactions[END_REF]135,[START_REF] Kim | Surface and Interface Structures of Epitaxial Silicon Nitride on Si(111)[END_REF] Since X-ray photoelectron spectrums technique was employed to investigate all transitional adsorbed components, a reliable binding energy fingerprint already exists which could potentially contribute to the investigation of dissociation of N2 on silicon-based surfaces. In this chapter, we propose to investigate the ability of the reactive Si(111)-7x7 surface to lower the kinetic barrier for direct dissociative impinging of the N2 molecular gas, at low pressures and room temperature relying on the thermal distribution of translational kinetic energy of the reactant gas.
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V.1 Material and methods

In this section, we present the preparation method of Si(111)-7x7 reconstructed surface under UHV in the first subsection. Then, in the second part, we introduce the used N2 gas quality and the method of surface exposition.

V.1.1 Surface preparation

A Si (111) substrate n-doped with phosphorus (0.001-0.002 Ω.cm) mounted on a molybdenum sample holder is used for the preparation of Si( 111)-7x7 surface. Under UHV, sample was degassed subsequently until 800 °C by direct current heating, to eliminate the native oxide layer and any other contaminants, while the pressure is maintained below 3x10 -9 mbar in the chamber.

Then, the sample was flashed many times at 1200 °C until maintaining this temperature for 10 s without exceeding 10 -10 mbar pressure range was feasible. After each flash cycle, we let the time for the pressure to normalize before we proceed to the next flash. Following the last flash, 

V.1.2 N2 gas and deposition

Scientific grade molecular N2 gas of purity 99.9999%, purchased from Linde Gas, was used in this work. All details about the gas contained impurities are presented in the datasheet of Figure 5.2. In addition, the gas line that drives the gas from the compressed bottle to the chamber was pumped and baked until the achievement of UHV conditions similar to the one in the preparation chamber with a measured base pressure equal to 6.7x10 -11 mbar. After scanning and approving the surface cleanness, the Si(111)-7x7 sample was placed on the manipulator and held at RT in front of the capillary of N2 gas injecting. The distance between the sample surface and the extremity of the capillary is about 15 cm. Gas flow is controlled by using a high-precision leak valve and by following the pressure measured inside the preparation chamber using a filament gauge. This sample exposure to the gas is known as "bulb" method where the flux of molecules is characterized by a thermal distribution of the kinetic energies following the law of Maxwell-Boltzmann distribution. 
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V.2 STM experimental results

The first two parts of this section, are devoted to presenting the experimental work done in terms of N2 gas deposition at different pressure and exposition time. The state of the Si(111)-7x7 is examined by STM under UHV at RT after each step (sample preparation, deposition).

Note that to avoid any damage to the ionic pump during the injection of gas, the chamber was pumped with a turbomolecular pump since we reached in our experiments gas pressure of N2 of the order of 10-5 mbar. Therefore, to ensure that no contamination comes from this switch in the pumping system, clean sample of Si(111)-7x7 was left for four hours (which exceeds any duration of exposure to N2) with no surface change observed. Hence, a quantitative statistical investigation based on STM images was done to determine the kinetics of the reaction.

Then, in another part, we introduce the result of X-ray Photoelectron Spectroscopy (XPS) executed to identify the species persisting on the surface after deposition.

Finally, the last part presents a theoretical study based on DFT calculations to support and reinforce experimental results.

V.2.1 N2 deposition monitored by STM under UHV

After preparing the Si(111)-7x7 sample and checking surface cleanliness, a set of experiments was done consisting of exposing the sample to N2 molecular gas at different pressures by fixing the time of deposition at 30 min. Since we are working under UHV condition with a base pressure 6.7x10 -11 mbar, we start our attempts of N2 injection at 10 -9 mbar and we proceed by increasing the pressure by one magnitude each experiment until 10 -5 mbar. For pressures below 10 -6 mbar, no changes were observed in STM images of the Si(111)-7x7 surface. Surprisingly, after an exposition to N2 gas at 10 -5 mbar, during 30 min, a huge modification of the surface was obtained, as reveals the STM image of the fact that the study requires a large set of experiments and in each to record several images, knowing that having a tip capable of extracting high resolution ensuring the sensing of rest atoms is not evident all the time especially since we work at RT. Every experiment we did for this purpose consisted in registering three images of different zones of the surface after preparation and then three images of different zones after exposition to N2, where dimensions are fixed to 50 nm x 50 nm. In consequence, the percentage of defects before deposition can be estimated for each experiment and then deduced from the percentage of extinct adatoms after deposition to ensure more accuracy and to increase coherence between two experiments.

V.2.2.1 Statistical investigation at fixed exposition time and variable pressures

In the first study, several introductions of N2 gas at different pressures are done, each for a fixed time of 30 minutes, leading to a statistical determination of the percentage of extinct Si adatoms at each pressure, as reported in the Thus, analysis of the graph reveals two critical points:

1) For pressures below 10 -6 mbar, no modification of the surface was noticed which makes it a threshold pressure.

2) For pressures beyond 10 -5 mbar a saturation at around 36 % adatoms of the Si(111)-7x7 surface was reached.

We denote that the observed threshold is still relative to the time of deposition (30 min), and can shift up and down proportionally to the exposition time. In fact, the injected gas obeys Maxwell-Boltzmann distribution of kinetic energy where only N2 with enough energy to react are involved in the modification of the surface, thus at higher pressure, the total number of N2 is increased by raising the flux of introduced gas resulting in more molecule with sufficient energy to react during the same interval of the time. 
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V.2.2.2 Statistical investigation at constant pressure and variable exposition time

In order to explore the kinetics of the reaction, a statistical study consisting in fixing the pressure of injected N2 gas and modifying the time of exposition was done. Here, we recall the Arrhenius equation that governs the kinetics of a chemical reaction: 𝐾(𝑇) = 𝐴𝑒 -𝐸 𝑎 𝑅𝑇 (Eq.5.1)

 K: chemical reaction rate constant (s -1 )

 A: pre-exponential factor or frequency factor (s -1 )

 Ea: activation energy (kJ/mol)  R: the gas constant (8.314 J/mol.K)

 T: absolute temperature (K)

From Eq.5.1, we can conclude that the chemical reaction rate constant depends only on the activation energy and the temperature at which the reaction occurs. Therefore, these two parameters are constant in our experiment, thus the rate constant doesn't change. We consider two reactants involved in the reaction: silicon atoms of the Si(111)-7x7 surface and the N2 molecular gas. As a consequence, the rate equation for the reaction between the two species can be written in a simplified form, as follows: 

𝑉 = 𝐾[𝑁 2 ] 𝛼 [𝑆ⅈ] 𝛽 ( 
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In consequence, using statistical data from experimental analysis, the determination of the reaction order is possible. Depending on the reaction order, the rate curve takes different forms following the equations presented below for each possible order (0,1,2):

𝑉 = 𝐾 𝑎𝑝𝑝 [𝑆ⅈ] 𝛽 = - ⅆ[𝑆𝑖] 𝛽 ⅆ𝑡 (Eq.5.5)
For a zero-order reaction (β = 0) in respect to Si reactant, we obtain:

[𝑆ⅈ] 0 -[𝑆ⅈ] 𝑡 = 𝐾 𝑎𝑝𝑝 . 𝑡 (Eq.5.6)

 [Si]0: density of silicon adatoms present at t = 0 min (equal to 1)

 [Si]t: density of silicon adatoms present at time t For a first-order reaction (β = 1) in respect to Si reactant, we obtain:

𝑙𝑛[𝑆ⅈ] 0 -𝑙𝑛[𝑆ⅈ] 𝑡 = 𝐾 𝑎𝑝𝑝 . 𝑡 (Eq.5.7)

For a second-order reaction (β = 2) in respect to Si reactant, we obtain:

1 [𝑆𝑖] 𝑡 - 1 [𝑆𝑖] 0 = 𝐾 𝑎𝑝𝑝 . 𝑡 (Eq.5.8)
For the instance, we have done a set of experiments where the pressure of N2 molecular gas was fixed at 5x10 -6 mbar and the density of the silicon adatoms at different times of the reaction was estimated based on STM images. The resulting data are reported in the table of Figure 5.8 in which the determination of each value for the density was done on the basis of a statistic involving a very big number of surface adatoms, counted by SPIP software, as described before in aim to reduce the statistical error. 

V.3 X-ray photoelectron investigation

X-ray photoelectron experiments were performed with a hemispherical analyzer Omicron EA 125 equipped with a dual anode X-ray source (Omicron, DAR 400) using Al Kα X-ray source (hν =1486.6 eV) radiation. The photoelectrons were collected at normal electron emission. The angle of acceptance of the photoelectron analyzer was set to ± 1. The spectra were recorded using a pass energy of 20 eV for high resolution and 50 eV for the wide scan. The peak was fitted to mixed Gaussian-Lorentzian components using XPS-CASA software 137 , after having subtracted a Shirley-type background. These experiments were done in collaboration with Dr.

Samar Hajjar and Pr. Carmelo Pirri, from Université Haute-Alsace UHA. the N(1s) core-level spectra. [START_REF] Cho | Temperature-Dependent Adsorption and Dissociation Behaviors Of NH3 on Si(111)7×7: A High-Resolution Core-Level Photoemission Study[END_REF][START_REF] Björkqvist | NH3 on Si(111)-7x7: Dissociation and surface reactions[END_REF]135,[START_REF] Kim | Surface and Interface Structures of Epitaxial Silicon Nitride on Si(111)[END_REF] According to literature, A1, A2, and A3 components could be assigned to Si-NH2, Si2-NH, and Si3-N, respectively. However, no atomic hydrogen was introduced during the experiment, and the residual gas pressure in our UHV chamber contains an extremely small quantity of hydrogen in molecular state H2. Therefore, we assume that no hydrogenated components can exist on the surface, and only the A3 component can be attributed to Si3-N. The other two components could be assigned to different bonding states of N2 molecules with the Si adatoms of the Si(111)-7x7 surface. In terms of coverage, the A3 component (Si3-N) dominates the spectra accounting for 64.89% of the total area followed by the A2 component which represents 27.86 % and the remaining occupation belongs to the A1 component. 

X-ray photoelectron investigation

V.4 Density functional theory DFT study of different adsorption models

This theoretical study is done in collaboration with Professor Alain Rochefort from Polytechnique de Montreal. Density Functional Theory (DFT) calculations were carried out at T = 0 K with Siesta package [START_REF] Soler | The SIESTA Method for Ab Initio Order-N Materials Simulation[END_REF] and the results were visualized with the Chimera software. [START_REF] Pettersen | UCSF Chimera -A Visualization System for Exploratory Research and Analysis[END_REF] We used periodic boundary conditions with vdW-DF2 (or LMKLL) functional that includes van der Waals corrections. The computations were performed with norm-conserving Trouillier-Martins pseudopotentials and double-ζ polarized atomic basis sets. The mesh cut-off used to form the real space grid in the DFT calculations was 300 Ry, and the structural relaxation and geometry optimization were carried out using conjugate-gradient method until the forces and the variation of total energy were less than 0.01 eV/Å and 0.0001 eV, respectively. We 

V.5 Discussion and result analysis

In this work, N2 molecular gas was injected inside a UHV chamber with a base pressure of 6.7x10 -11 mbar where a Si(111)-7x7 surface was placed on a manipulator and held at RT. For exposition time of 30 min and pressures below 10 -6 mbar, no modification was observed on the surface once verified by STM. Surprisingly, when the flux of injected N2 gas was increased (pressure respectively) a clear modification of the Si(111)-7x7 surface was observed expressed by the extinction of some surface adatoms and rest atoms in both FC and UFC. In order to explore the nature of species existing on the surface after deposition, XPS characterization was done. The resulting XPS spectrum reveals a large N1s band that can be dissected in three Following thermal annealing of the sample at approximately 800 K for 30 minutes, the number of components was reduced to a single peak with a binding energy of 397.55 ± 0.1 eV which Discussion and result analysis Chapter V: 125 correspond to N triply coordinated to silicon atoms. [START_REF] Björkqvist | NH3 on Si(111)-7x7: Dissociation and surface reactions[END_REF]135 In addition, the surface area under the nitrogen N1s core level large band remains unchanged compared to the area under the single peak obtained after annealing. Therefore, this result clearly indicates that the nitrogen species, adsorbed on Si(111)-7x7 after exposition at room temperature, are not desorbed after annealing at 800 K, yet transformed into atomic N triply coordinated with silicon adatoms, e. g. Si3-N, in which each N2 molecule is fully dissociated into two nitrogen atoms bonded to the surface.

Until now it is evident that we have intermediates species bonded to silicon atoms on the Si(111)-7x7 surface that can only originate from the dissociation of injected N2 molecular gas, a phenomenon that becomes observable upon the exposition of Si(111)-7x7 surface to the gas at a pressure greater than 10 -6 mbar during 30 min. Therefore, for more understanding of the mechanism governing the breakage of such a strong bond, DFT calculation was employed to investigate the adsorption of N2 molecule on different sites of the Si(111)-7x7 surface in two different conformations end-on and side-on, respectively. In a first study, an optimized structure suggests that N2 molecules, in all possible configurations, adsorb on Si(111)-7x7 surface within a range of distances relatively large (3.0-3.3 Å) corresponding to weak adsorption energies (0.5 eV) suggesting only physisorbed species. Moreover, in a second study, N2 molecules were forced at a position closer to the surface within a distance of 2.0 nm thus, N2-surface overlap has been found to be increased significantly. Hence, molecular empty states of adsorbed N2 are brought closer to Si(111)-7x7 fermi level, of which one part becomes occupied. Figure 5.15

shows the molecular orbitals of N2, where all bonding orbitals are occupied by electrons, as follows, transferred electrons from the valence band of the underlying surface fills the π *antibonding orbitals lowering the bond order and leading to dissociation. As mentioned before this is only possible if the molecule is forced to approach toward the surface, thus this can be achieved following a collisional process where the N2 molecules collide with enough kinetic energy in order to dissociate. In contrast to hyperthermal collisions where choc induced compression and bend of specific bonds [START_REF] Ceyer | New Mechanisms for Chemistry at Surfaces[END_REF][START_REF] Krumbein | Fast Molecular Compression by a Hyperthermal Collision Gives Bond-Selective Mechanochemistry[END_REF] leads to the dissociation of the impinging molecules, in our case, collision impulse facilitate charge transfer from the surface to the molecule resulting in an electronic excitation dissociation.

Since N2 obey to Boltzmann-Maxwell distribution, molecules at fixed temperature will have a wide distribution of kinetic energies in such a manner that a defined partition of the injected gas is fast enough to overcome the activation barrier. Yet, the increasing of the pressure inside UHV chamber corresponds to the injection of more N2 molecules, hence the same partition above activation energy represents a larger number of molecules capable to react. This hypothesis is supported by the experimental statistics indicating the extinction of more surface atoms at a higher pressure for the same time of deposition. Reversibly, when decreasing the partial pressure of N2 gas, fewer molecules can react than for pressures below 10 -6 mbar, 30

minutes of deposition wasn't enough to observe any modification of the Si(111)-7x7 surface.

In terms of the kinetics of the reaction, silicon was considered a limiting reactant for two considerations. First, N2 was injected continuously inside the chamber, and second the observed saturation threshold of the surface where no evolution in the number of extinct silicon adatoms occur above 36 %. In consequence, statistical analysis of extinct silicon adatoms at fixed pressure and variable time of deposition revealed that dissociation of nitrogen N2 on Si(111)-7x7 surface possess a partial second order in terms of kinetics law. The Langmuir-Hinshelwood mechanism is the major adopted mechanism for ammonia synthesis, where the kinetics is governed by the on-surface dissociation of N2 molecules. [START_REF] Zeinalipour-Yazdi | A Comparative Analysis of the Mechanisms of Ammonia Synthesis on Various Catalysts Using Density Functional Theory[END_REF] Therefore, if we adopt the same mechanism, the rate-determining step is the dissociation of N2 on Si(111)-7x7 and any following reaction involving the dissociated nitrogen atoms will obey the kinetics law of a partial order of 2.

Conclusion
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V.6 Conclusion

In this chapter, we have proved the possibility to dissociate in an easy way the very stable Nitrogen N2 molecule at room temperature and low pressure using a highly reactive silicon surface the Si(111)-7x7, as illustrated in This result is very promising for the fabrication of molecular electronic devices and novel nanomaterials implemented on a semiconductor surface. In contrast to reactions that take place on metallic surfaces to benefit from their catalytic role, triggering reactions on semiconductors can be achieved by a local dissociative tunnel electron attachment inside the STM junction.

Radicals can be stocked, transported, and released by the STM tip allowing high precision bottom-up construction. For the moment, this mass transfer mechanism is still not completely understood for us due to the limitation of our setup that doesn't allow low-temperature studies (VT-STM), to cryostabilize the alkyl radicals on-surface after their generation. Therefore, we installed a new low-temperature STM in our laboratory and we aim in the future to do further investigation. We believe that this work could inspire and motivate surface scientists to turn more toward the study of radical polymerization reactions on solid interfaces. Moreover, we report for the first time a successful polymerization reaction on a semiconductor, shedding the light on the potential of Si(111)-B surface to pioneer the study of on-semiconductor covalent nanostructures fabrication.

VI.3 Collision-assisted facile N2 dissociation on a silicon surface

Molecular nitrogen N2 is an inert very stable molecule that if dissociated can be used for the synthesis of value-added products such as ammonia, detergents, and reservoirs of chemical energy for hydrogen fuel cells. To lower the barrier of dissociation, scientists keep trying to find the best catalyzer material, typically a solid surface on which the N2 gas undergoes dissociation, in a catalytic heterogeneous reaction. The most widespread example of such reactions is utilized in the Harber-Bosch process for the industrial mass fabrication of Ammonia NH3, in which the catalyst is an iron surface. Despite the fact of being catalyzed, the dissociation following this method is still very demanding in terms of energy, thus requiring an elevated temperature of 500 °C and 200 atm pressure of N2 gas.

Our third work was motivated by the critical need to develop new strategies to dissociate N2 molecules efficiently under mild conditions. Fortunately, we demonstrate that the strong N2 bond can be dissociated at low pressure and room temperature on a Si(111)-7x7 surface. N2 gas was injected into the UHV chamber on a clean Si(111)-7x7 surface. For a partial pressure of N2 gas above 2.10 -6 mbar, a clear modification of the surface was detected experimentally by STM.

The extinction of a number of silicon adatoms from the surface was observed approaching a limit value of 35% of the total surface adatoms after exposure to 1.10 -5 mbar for 30 min. This result is very promising for future approaches to synthesizing nitrogen-based chemicals in an energy-efficient manner, as the dissociation occurs under relatively mild conditions.

Although, we note that the identification of all adsorbed species on the surface was quite difficult even with the XPS technique. Therefore, a discrimination requires the use of more elemental analysis techniques that can operate in UHV. Spectroscopic methods such as FTIR and Raman can give valuable information which can facilitate the identification of the species

Conclusion and perspectives

Chapter VI: 134 observed by local probe probes under UHV. However, for the moment these techniques are not developed to work in these conditions, hoping that they will be in the future.

On our part, we started an experiment consisting of the injections of molecular or atomic hydrogen in addition to nitrogen to study the possibility of synthesizing ammonia.

Furthermore, this study highlights the reactive surface of Si( 111)-7x7 as a potential candidate for the dissociation of inert molecules in an efficient and easy way. Our future work will focus on this subject, where we specifically aim to study the possibility of dissociating CO2 gas in the same way as we did with N2.

Title: On-surface chemical reactions studied by STM under UHV Keywords: On-surface chemistry, UHV, STM, covalent bond, polymer, bond dissociation

Abstract:

This work falls within the framework of the study of chemical reactions on solid surfaces by investigating some cases that have not been studied previously, thereby contributing to the enrichment of knowledge in the field. In this context, the main technique used for the inspection of surface chemical phenomena is scanning tunneling microscopy implemented in an ultra-high vacuum environment.

The first chapter reviews the state-of-the-art by highlighting the basic keys of on-surface chemical reactions through some illustrative works from the literature.

The second chapter presents briefly the theoretical concepts of scanning tunneling microscopy, the experimental setup used to carry out this work, and the various employed surfaces.

The third chapter deals with the subject of elaboration of functional graphene nanoribbons (GNRs) on Cu (111) surface. Thermally-induced reaction of nonhalogenated 9,9'-bianthryl (BA) precursor on Cu (111) surface leads to chiral (3,1)-GNRs. Through our experiments, we revisit the commonly accepted reaction mechanism explaining the growth of (3,1) GNR on a Cu (111) surface while complementing it with an additional intermediate step. Thus, a corollary result based on the completed reactional scheme is proposed using a less reactive surface, Au (111), and the substituted molecules. The latter self-assemble into a 2D supramolecular network which transforms into a coordination polymer via an intramolecular cyclodehydrogenation reaction induced by thermal annealing.

The fourth chapter was motivated by the scarcity of on-surface radical polymerization reactions despite the efficiency of this approach for the fabrication of extended-length polymeric nanowires. The chapter proposes a novel method for obtaining alkyl oligomers in a controlled manner by using onsurface radical oligomerisations triggered by tunneling electrons between the tip of a scanning tunneling microscope and the Si(111)-B surface. We have shown that this electron transfer can 'switch on' a sequence leading to the formation of oligomers of defined size distribution due to on-surface confinement of the reactive species.

The fifth chapter focuses on the dissociation of molecular nitrogen N2 as a critical reaction step for the synthesis of value-added products. The chapter proposes a successful N2 dissociation reaction at low pressure and ambient temperature on a Si(111)-7x7 surface. Supported by DFT calculations and XPS experiments, we demonstrate that the low thermal energy collision of the gas molecules with the surface can promote electron transfer to the π* antibonding orbitals of N2 which weaken the N2 bond and leads to its dissociation.

The last chapter summarizes the results of the whole thesis work and presents perspectives for future related work.
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Figure 1 . 1 :

 11 Figure 1.1: STM images showing organometallic Co-directed assembly of a) NC-Ph3-CN, b)

. 2 .

 2 These examples demonstrate the power of organometallic coordinating polymer self-assembly approaches that allow for the creation of highly controllable patterns of porous 2D networks. Such defined nanomeshes may serve as templates for the selective accommodation of different species and open the imagination to possible atomic/molecular manipulations or studies of chemical behavior in closed environments.

Figure 1 . 2 :

 12 Figure 1.2: a) Chemical structure of NC-Ph6-CN molecules. b) STM image showing terrace covered by honeycomb lattice of NC-Ph6-CN on Cu(111) surface. c) Close-up view of image b)

Figure 1 . 4 :

 14 Figure 1.4: Controlling the design of halogenated precursor to tune the structure of resulting covalent a) 1D and b) 2D materials. c) Diagram representing the kinetics of growth processes that can be induced by stimulated/catalysed activation and controlled by the relative rates of diffusion and coupling. Figures adapted from(14,17).

Figure 1 . 5 :

 15 Figure 1.5: a) Representative illustration of on-surface Ullmann-type reaction mechanism of halogen-benzene precursor on different metals. b) Comparative diagram showing the energy barrier (Ebarrier) and the reaction energy (Ereact) for the dissociation of bromobenzene and iodobenzene on the (111) facets of Au, Ag, and Cu. Figure adapted from (18).

Figure 1 . 6 :

 16 Figure 1.6:Table summarizing experimental data, relative to the dissociation rate after room

Figure 1 . 7 :

 17 Figure 1.7: a) Scheme of the sequential activation mechanism involving two growth steps along crossed directions. The first activation step involves the dissociation if I substituents and the creation of active sites in a trans geometry (first growth direction) enabling the formation of linear structures (from b to c). The second step involves the dissociation of Br by annealing at higher temperatures to create lateral active sites that enable the growth along the second growth direction, i.e., the formation of 2D networks (from c to d). b-c) Sequential activation of a dibromo-diiodo-porphyrin (DIDBP) precursor on Au(111) surface allows for initial linear polymerization followed by orthogonal cross-linking of the preorganized chains to provide polyporphyrin networks. Figures adapted from(20,21).

Figure 1 . 8 :

 18 Figure 1.8: STM images of the pyridyl-substituted dibenzo[5]helicene precursor (1 in d). a) Individual molecules after deposition on Pt(111) at room temperature with an intramolecular structure corresponding to molecular orbital. b) After annealing at 720 K, the cyclodehydrogenation process occurs and 1 is transformed into flat 2,5diazahexabenzocoronene (2 in d). c) After annealing at 700 K, the dehydrogenative polymerization/cyclodehydrogenation processes occur, and 1 is transformed into 2D

Figure 1 . 9 :

 19 Figure 1.9: a) Chemical structure of DIBA molecule. b) NC-AFM image of DIBA after annealing at 555 K on calcite substrate. The structures decorating step edges and rows are observed growing along the [421] direction. c) Representative model of the formed covalent structure. d) Chemical structure of FAT molecule. e) STM image of the resulting likewise hexagonal 2D polymer formed upon UV irradiation of previously self-arranged FAT in the same geometrical configuration on passivated graphite. Polymer forms via a topochemical [4+4] photopolymerisation reaction. f) Corresponding CPK model for obtained 2D polymer.

  First, deposited fluorinated anthracene triptycene (FAT) molecules self-assembled into a highly ordered monolayer structure in which all anthracene fragments occupy suitable positions for photo-polymerization. Then, exposure of the formed network to purple light induces complete covalent crosslinking by [4+4] photocycloaddition resulting in a two-dimensional polymer, as shown in Figure1.9d-f. In addition to molecular design to increase binding to the surface and usage of light as external stimuli to initiate reaction Surface as active support for on-surface synthesis Chapter I: 20 on inert surfaces, a special concept introduced by Lackinger et al. proposes the usage of a radical deposition source RDS for direct deposition of aryl radicals onto the substrate (Figure1.10a).[START_REF] Galeotti | Carbon-Carbon Coupling on Inert Surfaces by Deposition of En Route Generated Aryl Radicals[END_REF] The RDS is a gold-plated stainless steel drift tube that is heated during the injection of a 4,4''diiodo-p-terphenyl (DITP) molecule. In that manner, catalyzed deiodination in ensured leading to the formation of terphenyl biradicals that quit the tube to adsorb on the iodine-passivated metal surfaces. For surface held at room temperature, deposition with the RDS results in highly regular structures comprised of mostly monomeric (terphenyl) or dimeric (sexiphenyl) biradicals. Mild thermal annealing of the surface at 425 K, activates progressive C-C coupling into more extended π-conjugated wires, as highlighted in Figure1.10c.

Figure 1 .

 1 Figure 1.10: a) Representation of dehalogenation process of DITP molecules to generate radicals. Molecules travel through a radical deposition source (RDS) which is a heated goldplated stainless steel drift tube. Catalytic dehalogenation of DITP occurs on the reactor walls and biradicals effuse at the end for downstream deposition. b) b-d) STM images acquired after deposition of biradicals generated from DITP precursors onto iodine-passivated Ag(111) and Au(111) surfaces. b) Initial highly organized structures of non-reacted terphenyl biradicals superimposed with molecular structure. c) Sexiphenyl biradicals spontaneously formed at room temperature that grow into d) more extended PPP wires after mild heating. Figures adapted from(26).
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3 )Figure 1 . 11 :

 3111 Figure 1.11: Reaction mechanisms at (100)-2x1 and Si(111)-7x7 surfaces. Table reproduced

Figure 1 .

 1 Figure 1.12: a) Chemical structure of DIBA molecule. b) STM image (100 nm x 100 nm; -2 V; 5 pA) of hydrogen passivated Ge(001) surface. c) STM image (-2V; 10 pA) of DIBA molecules deposited on Ge(001):H surfaces kept at 200 °C indicating the appearance of chain-like structures. D) Zoomed STM image indicating that formed structure is a polyanthrylene trimer adsorbed on Ge(001):H surface. Figures adapted from(31).

Figure 1 .

 1 Figure 1.13: a) chemical structure (left) of the 10,10'-dibromo-9,9'-bianthryl monomer (DBBA) and the dehalogenation process (right). b) STM image (right panel) and the corresponding model (left panel) of the linear polymers via covalent linkage of the dehalogenated intermediates (Ullmann coupling) after annealing the sample at 473K. c) STM image (right panel) and the model (left panel) of GNRs via cyclodehydrogenation of the linear polymer after further annealing at 673 K. Figures adapted from(35).

Figure 1 .

 1 Figure 1.14a. Therefore, the underlying surface can be a metal, semi-conductor, or bulkinsulator under the condition that its role is only limited to a slight modification of the HOMO-LUMO gap of the molecule, due to the hybridization of surface states and molecular orbitals.

Figure 1 . 14 :

 114 Figure 1.14: 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 hotelectron of the substrate to the LUMO state od adsorbates. White and black spots correspond

Figure 1 .

 1 Figure 1.15: a) Chemical structure of DBA molecule. b) Large scale STM image (200 nm x 200 nm; 0.5 V; 55 pA) showing extended supramolecular self-assemblies of DBA on Au(111) surface. The inset shows individual intact DBA molecules (0.2 V; 10 pA) R and S. On each enantiomer, the corresponding chemical structure is superimposed. c-d) Representative STM images of the thermally grown polymers (c) and the polymers obtained by UV illumination (d).
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 116 Figure 1.16: Schematic representations of a) electron injection in inelastic-electron tunneling (IET) process and b) adsorbate induced vibrational states. If energy dissipated by electrons is enough to overcome the barrier i.e. ΔE ≥ Ediss , adsorbed molecules can dissociate. Figures reproduced in conformity with the ones presented in the work of Hla et al.[START_REF] Hla | Inducing All Steps of a Chemical Reaction with the Scanning Tunneling Microscope Tip: Towards Single Molecule Engineering[END_REF] 

29 Figure 1 . 17 :

 29117 Figure 1.17: Molecular structure and corresponding AFM images of precursor and products generated by tip-induced decarbonylation, recorded with CO-functionalized tip at different tip offset Δz, with respect to an STM set point of I = 0.5 pA, V = 0.2 V above the NaCl surface. ab) Intact precursor adsorbed, c-d) after elimination of two CO groups, e-f) after elimination of four CO groups, g-h) after elimination of six CO groups where a polyynic C18 is formed. Figures adapted from(39).

Figure 1 .

 1 Figure 1.18: a) Schematic of the polymerization reaction of 1,4-benzenediboric acid (BDBA). Right: STM image of a real polymer network. b) STM image (10 nm x 5 nm; -1.5 V; 0.3 nA) of the hydrogen-bonded phase of BDBA molecules on Ag(100) surface with a superimposed model. Process of tip-induced polymerization of BDBA: c) The STM tip is brought very close to the H-bonded layer and scanned over a small area (-0.5 V; 10 nA) at the position indicated by the arrow. d) The polymerization reaction is immediately initiated, and (e, f) slowly

Figure 1 . 19 :

 119 Figure 1.19: One-dimensional diagram of the potential energy of precursor-mediated chemisorption of RH molecules. The dotted barrier above vacuum zero corresponds to an "activated" system, while the solid barrier below vacuum zero corresponds to a "light" system.

Figure 1 . 20 :

 120 Figure 1.20: a) Schematics presentation a beam of singly protonated RD molecule aimed along the surface normal to the Cu surface, where two types of C-N bonds are distinguished depending on their orientation against the N-O axis in RD (gray dashed line). b) STM images three observed products: intact adsorbed RD, C-N(AC) bond crack resulting in α fragment and full split by cutting also the C-N(AC) to give two Δ and β fragments.

Figure 1 . 21 :

 121 Figure 1.21: NAP-STM images of a) clean Rh(111) surface, b) chemisorbed CO structure resulting from CO2 dissociation, and c) intact CO2 molecules physisorbed on the surface. d-f) Corresponding atomistic ball model illustrations of the observed NAP-STM images. Dark blue, black, and red balls represent Rh, C, and O atoms, respectively. Figures adapted from(47,48).
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 21 Figure 2.1: Schematic illustration of the working principle of STM. A bias voltage is applied between the sharp tip and the sample, which are separated by a few angstroms. The tunneling current is promoted and measured between the tip and sample. Using the piezo-tube scanner, the distance control unit adapts the position of the tip. Taken from reference (51).

Figure 2 . 2 .

 22 2 shows a schematic energy diagram of the tunneling process in an STM setup, where three cases depending on applied bias voltage can be distinguished: 1. When the STM junction is not biased (Vbias = 0), the Fermi levels of both the tip (EFtip) and the sample (EFsample) are aligned (EF), and no net tunnel current flows through the barrier. When the junction is positively biased (Vbias > 0), the Fermi level of the sample shifts down with respect to the Fermi level of the tip by a quantity eVbias allowing all electrons with energy between EF and EF + eVbias to tunnel from the tip to the sample. 3. When the junction is negatively biased (Vbias < 0), the Fermi level of the sample moves up with respect to the tip resulting in inversing of the flow direction of the tunneling current (It).

Figure 2 . 2 :

 22 Figure 2.2: Energy diagrams scheme of a metal-vacuum-metal tunneling junction at different bias voltages applied to the tip: a) Vbias = 0, no electron transfers since Fermi levels of the tip and the sample are aligned; b) Vbias > 0, electrons flow from filled states of the tip towards the empty states of the sample; c) Vbias < 0, electrons flow from the filled states of the sample towards empty states of the tip.Figure adapted from reference (52).

2 )

 2 Vbias : bias voltage applied between the tip and the sample  ρtip: LDOS of the tip at the vicinity of Fermi level  ρsample: LDOS of the sample at the vicinity of Fermi level  r0 : radius of the spherical-tip apex This equation (Eq2.2) shows that the spatial resolution of STM strongly depends on the shape of the tip. Moreover, the measured tunneling current is proportional to the local density of states LDOS of the sample assessed at the position of the center of the tip curvature at the Fermi level.
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 23 Figure 2.3: Schematic illustration of the constant current and constant height modes of STM operation. Figure adapted from reference (55).

Figure 2 .

 2 4a is a picture of the VT-STM-XA head showing the internal design where some key elements are highlighted.
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 24 Figure 2.4: a) Picture of the VT STM head highlighting its internal design. b) Image of our setup: STM chamber (1) and preparation chamber (2) with addition facilities: sample transfer manipulator, load-lock, wobble sticks, tantalum sheet for tip annealing, molecular evaporator, pyrometer, and N2 liquid cryostat.

Figure 2 .

 2 5c shows a high atomic resolution STM image of a clean reconstructed
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 25 Figure 2.5: a) Schematic representation of the Au(111)-22×√3 reconstruction: 23 surface atoms fitting into 22 lattice locations by compressing the top layer of the surface with the additional atoms highlighted in red color. The vertical lines indicate the positions of the linedup fcc and hcp sites. b) A top view model of the reconstructed Au(111) surface. About 4.2% of anisotropic shortening of the Au-Au distance occurs along with the [1-1 0] direction. c) STM image with atomic-resolution of clean Au(111) surface. Images in a), b) and c) are taken from

3. 61 Å

 61 . The face(111) of the latter therefore has a hexagonal structure whose unit cell has a parameter equal to 2.56 Å, as shown in Figure2.6b. Atomic resolution STM image in Figure2.6c highlights the hcp structure of the Cu surface, with the atoms of the (111) plane clearly visible. Furthermore, an electronic surface charge wave is induced by a nearby step edge just outside the imaged area in the upper left corner, which runs diagonally from upper left to lower right but dies out after about half the image.[START_REF] Albers | Combined Low-Temperature Scanning Tunneling/Atomic Force Microscope for Atomic Resolution Imaging and Site-Specific Force Spectroscopy[END_REF] Surface charge waves of this type are a wellknown phenomenon on Cu(111) surfaces.[START_REF] Heller | Scattering and Absorption of Surface Electron Waves in Quantum Corrals[END_REF] 

Figure 2 . 6 :

 26 Figure 2.6: a) Cu 3D fcc unit cell showing a) the atomic positions (blue) and the (111) plane (grey). b) Top view of (111) surface showing a unit cell with the lattice constants. c) Atomic resolution STM image of a clean Cu(111) surface (100 mV, 50 pA, T = 5K). STM image adapted from reference (61).
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 27 Figure 2.7: Schematic illustration of the DAS model for Si (111)-7x7 surface. a) Topview schematics of the 2X2 supercell of the DAS model; b,c) The corresponding top-and side-view structure of one unit cell, respectively, labeled with lateral and vertical distance between the featured atoms. The figure is taken from reference (64).
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 28 Figure 2.8: STM images (6 nm x 6 nm) of the same zone of a Si(111)-7x7 surface: a) recorded at positive bias voltage (1.5 V, 150 pA) and c) recorded at negative bias voltage (-1.5 V, 150 pA). FH: faulted half-cell; UH: unfaulted half-cell.

Figure 2 .

 2 Figure 2.9a-b. The element lattice of the reconstructed surface is rotated by 30 degrees relative to the primitive Si(111) lattice. From an electronic point of view, the boron atom forms 4 bonds with silicon atoms in close neighbors. One of its bonds is made with the adatom of silicon in position T4 by a charge transfer that completes its valence shell and which is responsible for

Figure 2 . 9 :

 29 Figure 2.9: a) Surface top view model with silicon adatoms (blue and white circles) and boron atoms (yellow circles). The element lattice of primitive Si(111) is represented by a blue rhombus on the top right corner of the image, marked as 1x1, with a lattice constant of 0.384 nm, whereas the element lattice of reconstructed Si(111)-B is represented by a yellow rhombus marked √3x√3, with a lattice constant of 0.665 nm. b) Side view showing the position of diffused boron atoms (site S5) underneath the site T4 of the first layer silicon. The two models in a) and b) are adapted from reference (68). c) High resolution STM image (10x10 nm 2 , Vs = 2.0 V, It = 150 pA, T = 110 K) of the reconstructed Si(111)-B √3x√3 R30° surface. Bright atom (white arrow) corresponds to the absence of charge transfer toward the bulk due to the missing of an underlying boron atom. the great stability of this reconstruction. While the 7x7 has 19 dangling bonds, the √3x√3 of SiB has none when the concentration of boron atoms is maximum, which lowers the surface energy. The STM image of such a reconstruction is shown in Figure 2.9c. This image shows the surface for the maximum concentration of boron atoms. Only a few boron atoms are missing. This results in the absence of charge transfer from the silicon adatom to the volume. This electronic state increases the state density, thus the tunneling current increases. Such an effect is observed in STM in positive polarity by a more intense protuberance highlighted by the white arrow in Figure 2.9c. The lattice parameter of the main fcc silicon crystal is 0.384 nm, thus the reconstructed Si(111)-B √3x√3 R30° surface possesses a unit cell parameter of 0.665 nm.

Figure 3 . 1 :

 31 Figure 3.1: a) Scheme of chemical reaction of precursor 1 (10,10'-dihalogenated-9,9'bianthryl) on different metallic surfaces where on Au(111) and Ag(111) reacts into armchair GNRs, yet on Cu(111) forms chiral (3,1) GNRs. b) Work of Oteyza et al. where precursor 2

Figure 3 . 2 :

 32 Figure 3.2: Scheme of the accepted chemical reaction of 9,9'-bianthryl molecule BA (precursor 3) on Cu(111) surface. The formation of the bi-radical as a key starting point for the reaction is attributed to a surface-assisted dehydrogenation at 2,2' sites pointing on surface in the starting molecule.In 2016, the extension of this work was pursued by Sanchez et al.[START_REF] Sánchez-Sánchez | Purely Armchair or Partially Chiral: Non-Contact Atomic Force Microscope Characterization of Dibromo-Bianthryl-Based Graphene Nanoribbons Grown on Cu(111)[END_REF] where non-halogenated 9,9'-bianthryl (BA) monomers were thermally activated on Cu(111) surface at 2,2' sites, but not on 10,10' sites, leading to the formation of chiral (3,1)-GNRs as presented in Figure3.2.The outcome of this reported result indicated that adatoms of Cu(111) surface could highly influence surface-assisted selective C-H bond cleavage forming diradical species at 2,2' sites that could only generate chiral (3,1)-GNRs. This work settled a controvert by shedding the light on the surface-assisted dehydrogenation reaction mechanism of pristine (Figure3.2) and halogenated bianthryl's precursor (Figure3.1b) on Cu(111) surface, revealing the prior formation of aryl-aryl coupled intermediate species designated as "extended-chain protopolymer" (outline by red rectangle in Figure3.2). Then, further annealing promotes a ringclosure-driven cyclodehydrogenation to form the final chiral state of GNRs. In the point of the proposed mechanism, dehydrogenation of halogenated BA precursors at 10,10' sites remained non-activated due to preferably dehydrogenization of 2,2'biradical sites, proving that halogen functionalization at 10,10' sites play no role in obtaining chiral (3,1) GNRs.As previously reported examples have been subjects of debate, owning to on-surface-catalyzed selective activation of particular C-H bond, Oteyza et al.[START_REF] De Oteyza | Substrate-Independent Growth of Atomically Precise Chiral Graphene Nanoribbons[END_REF] proposed a novel method to obtain

1 . 2 .

 12 Promoting chiral (3,1) GNRs with extended length by circumventing utilization of halogenated bianthryl precursors thus avoiding any halogenated remains upon Cu(111) surface. Possibility to synthesize functional (3,1) GNRs by introducing functional groups on 10,10' sites of pristine bianthryl precursors, thus promoting novel GNR systems that could be additionally stabilized and tailored by surface-assisted coordinated bond (Figure 3.3).

Figure 3 . 3 :

 33 Figure 3.3: Schemes of the proposed chemical process to form functionalized chiral (3,1) GNRs (X = N or C-CN), based on accepted reactional mechanism of 9,9'-bianthryl described in Figure 3.2.

3. 4

 4 abbreviation for simplicity. The other molecules are modified versions of BA by replacing the Hydrogen atoms at 10,10' positions with two pyridyl groups to obtain 10,10'-di-(4''-pyridyl)-9,9'-bianthryl (PBA) and by two cyanophenyl groups to obtain 10,10'-di-(4''-cyanophenyl)-9,9'-bianthryl (CPBA). The nitrogen atoms of both molecules are outlined by blue colour in CPK model of Figure 3.4. The distance between the topmost anthracenyl rings is 0.79 nm for the three molecules. Their length 0.93, 1.67 and 2.06 nm for BA, PBA and CPBA, respectively.
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 348812 Figure 3.4: CPK models (Yellow: Carbon, White: Hydrogen and Blue: Nitrogen) of the 9,9'bianthryl (BA), the 10,10'-di(4''-pyridyl)9,9'-bianthryl (PBA) and the 10,10'-di(4''cyanophenyl)9,9'-bianthryl (CPBA) molecules, respectively.

Figure 3 . 5 :

 35 Figure 3.5: Large scale STM images showing clean metal surfaces: a) Cu(111) (Vs = -1.3 V, It = 10 pA, 300 nm x 300 nm) , and b) Au(111) (Vs = -1.4 V, It = 10 pA, 200 nm x 200 nm) .

Figure 3 . 6 shows

 36 three high-resolution STM images of large extended 2D supramolecular networks based on self-assembly of BA, PBA, and CPBA molecules, respectively. All networks are build-up of a repetition of disjoint bright paired dots (DBPD) as presented in STM images of Figures 3.6.

Figure 3 . 6 :Figure 3 .

 363 Figure 3.6: STM images of 2D supramolecular networks after deposition of each molecule on a Cu(111) surface: a) BA (Vs = 1.8 V, It = 1.01 nA, 15 nm x 15 nm). b) PBA (Vs = 0.9 V, It = 10 pA, 15 nm x 15 nm). c) CPBA (Vs = -2.2 V, It = 10 pA, 20 nm x 20 nm). a-c) Inset of each image shows a zoomed area where white ellipse highlight the repetitive unit feature that constitute BA, PBA and CPBA networks, respectively.

Figure 3 . 7 :

 37 Figure 3.7: a) STM image of a zoomed area of the BA network (Vs = 1.8 V, It = 1.01 nA, 5 nm x 5 nm) showing the corresponding unit cell vectors (UBA = 0.72 nm, UBA = 2.67 nm, ϴBA = 87°), the repetitive unit pattern constituting the network of disjoint bright paired dots (DBPD) separated by a distance of 0.8 nm in accordance with BA molecule size as shown with the superimposed molecule. b) Proposed model of the 2D supramolecular network. A and B are two different absorption conformations of the BA consisting in a reverse of anthracenyl subunits orientation. c) Perspective view of the model with an inset magnified image of adjacent molecules showing inline arrangement with a separation of 0.72 nm and an interline separation of 0.67 nm with corresponding interaction types.

Figure 3 . 8 :

 38 Figure 3.8: a) STM image of zoomed area of the PBA network (Vs = 0.9 V, It = 10 pA, 5 nm x 5 nm) showing the corresponding unit cell vectors (UPBA = 1.98 nm, UPBA = 2.2 nm, ϴPBA = 77°), the repetitive unit pattern constituting the network of DBPD separated by distance of 0.8 nm in accordance with PBA molecule size as shown with the superimposed molecule. b) Proposed model of the 2D supramolecular network. A and B are two different absorption conformations of the PBA consisting in a reverse of anthracenyl subunits orientation. c) Perspective view of the model with an inset magnified image highlighting interaction between Nitrogen atom of one molecule and a central phenyl ring of anthracene subunit of adjacent molecule within a distance of 0.42 nm resulting in T-shape π-π stacking.

Figure 3 .

 3 Figure 3.8a presents the self-assembled supramolecular network of PBA molecules on Cu(111) surface which is built-up of repetitive differently oriented DBPD unit patterns with a higher and lower STM contrast signature. The associated unit cell is of rectangular structure described by vectors 𝑈 ⃗ ⃗ 𝑃𝐵𝐴 and 𝑉 ⃗ 𝑃𝐵𝐴 with their corresponding length value of ‖𝑈 ⃗ ⃗ 𝑃𝐵𝐴 ‖ = 1.98 ± 0.19 nm and ‖𝑉 ⃗ 𝑃𝐵𝐴 ‖ = 2.2 ± 0.22 nm with a rotation angle 𝜃 𝑃𝐵𝐴 = 77° (Figure3.8a). Each unit cell possesses three differently oriented DBPD unit patterns with a different magnitude of STM signature and with inner separation of 0.8 ± 0.08 nm (red and blue arrows), therefore three PBA molecules within the area of 4.24 nm 2 with an occupation density of 0.71 mol/nm 2 .
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 3922 Figure 3.9: a) STM image of a zoomed area of the CPBA network (Vs = -2.2 V, It = 10 pA, 5 nm x 5 nm) showing the corresponding unit cell vectors (UCPBA = 1.32 nm, UCPBA = 2.73 nm, ϴCPBA = 92°), the repetitive unit pattern constituting the network of DBPD separated by a distance of 0.8 nm in accordance with CPBA molecule size as shown with the superimposed molecule. b) Proposed model of the 2D supramolecular network. A and B are two different absorption conformations of the CPBA consisting in a reverse of anthracenes subunits orientation. c) Perspective view of the model with an inset magnified image showing Nitrogen atoms of cyano groups of two adjacent molecules pointing toward the central phenyl rings of anthracene subunits of a third molecule laying in between with a separation distance of 0.52 nm corresponding to T-shape π-π stacking interaction.

Figure 3 . 10 :

 310 Figure 3.10: STM images of 2D supramolecular networks after deposition on Au(111) surface of a) PBA (Vs = -1.5 V, It = 10 pA, 30 nm x 30 nm) b) CPBA (Vs = 1.5 V, It = 10 pA, 20 nm x 20 nm). a,b) Insets of each image show a zoomed area where white ellipse highlights the repetitive unit feature that constitute PBA and CPBA networks, respectively.

Figure 3 .

 3 Figure 3.11: a) STM image of zoomed area of the PBA network (Vs = -1.5 V, It = 10 pA, 8 nm x 8 nm) showing the corresponding unit cell vectors (KPBA = 2.25 nm, LPBA = 2.67 nm, αPBA = 60°), the repetitive unit pattern constituting the network of disjoint bright paired dots (DBPD) separated with a distance of 0.8 nm in accordance with PBA molecule size as shown with the superimposed molecule. b) Proposed model of the 2D supramolecular network build up with only one molecular absorption conformation in term of anthracenes subunits orientation. c) Perspective view of the model with an inset magnified image showing two pyridyl groups corresponding to two neighbouring molecules parallel stacking within a distance of 0.42 nm and orienting their Nitrogen atoms toward a central phenyl ring of an anthracene subunit, far 0.41 nm, of a third PBA molecule resulting in a T-shape stacking interaction.

Figure 3 .

 3 Figure 3.12: a) STM image of zoomed area of the CPBA network (Vs = 1.5 V, It = 10 pA, 8 nm x 8 nm) showing the corresponding unit cell vectors (KBA = 2.58 nm, LBA = 1.45 nm, αBA = 94°), the repetitive unit patterns constituting the DBPD separated with a distance of 0.8 nm corresponding to CPBA molecule size as shown with the superimposed molecule. b) Proposed model of the 2D supramolecular network of CPBA molecule which is similar to the one obtained on Cu(111) surface(Figure 3.9). A and B are two different absorption conformations of theCPBA consisting in a reverse of anthracenes subunits orientation. c) Perspective view of the model with an inset magnified image where also same type of interaction as on Cu(111) surface govern the auto-assembly with decreasing the separation distance from 0.52 nm to 0.42 on Au(111) surface.
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 31365314 Figure 3.13: Comparative representation of the supramolecular networks build up of PBA and CPBA molecules, respectively on both Cu(111) and Au(111) surfaces. PBA seems to autoassemble into slightly different networks depending on the substrate meanwhile CPBA molecules resulted into highly similar arrangements independently from substrate. In all cases, the driving force for the network formation is a molecule-molecule interaction of type T-shaped π-π stack.

Figure 3 .

 3 Figure 3.15: a) STM images of disordered features attained following subsequent thermal annealing up to 673 K on Cu(111) surface of : a) PBA (Vs = 1.8 V, It = 10 pA, 40 nm x 40 nm) an b) CPBA (Vs = -1.2 V, It = 10 pA, 70 nm x 70 nm), respectively.

Figure 3 . 67 Figure 3 .

 3673 Figure 3.16 shows STM images of PBA/Au(111) and CPBA/Au(111) respectively, after thermal annealing at 673 K during 1 hour. The signature of these images is the disappearance of the DBPD to be replaced by a new bright continuous repeated features that are organized in a chain-like conformation mentioning a chemical transformation. The novel formed nanostructures have a length of 1.73 ± 0.15 nm in the case of PBA molecules and 2.23 ± 0.2 nm for CPBA molecules as presented in the inset of Figures 3.16a-b, respectively.
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 317 Figure 3.17: Projected density of states (PDOS) of hydrogen atoms located at 10-10' and 2,2' positions for the adsorption of BA on Cu(111). Fermi level is indicated by the straight dashed line at -3.36 eV

Figure 3 .

 3 Figure 3.18 shows the optimized geometry of the neutral BA molecule in the gas phase where we have indicated the positions (2, 2', 10, 10') of the Hydrogen atoms involved in the reaction mechanism. The angle between the anthryl groups is around 90°. Removing H atoms at positions 2 and 2' or 10 and 10' does not introduce a significant variation of the geometry of the molecule. The 10,10' biradical is slightly more stable than the 2,2' species by 40 meV.

Figure 3 . 18 :

 318 Figure 3.18: CPK stick-model of optimized geometry in gas phase of neutral BA with corresponding 2,2' and 10,10' hydrogen sites involved in chemical reaction. The geometries of adsorbed species are shown in Figure 3.19 for neutral BA, 2,2'-bianthryl radical and 10,10'-bianthryl radical on the Cu(111) surface. The adsorption of neutral BA on Cu(111) is relatively stable, the calculated adsorption energy (EBA+ECu(111)-EBA/Cu(111)) is 3.64 eV/molecule. The geometry of adsorbed BA is quite different from the gas phase where the rings close to the Cu(111) surface become flattered clearly indicating improved moleculesurface interactions.

Figure 3 . 19 :

 319 Figure 3.19: DFT simulation of BA molecule and its radical derivatives adsorbed onto a Cu(111) surface. The 2,2' -biradical is the more stable. Removing the H atoms in 2,2' or 10,10' positions introduce additional structural deformations of the molecular due to the formation of C-Cu bonds between radicals and surface Cu atoms (Figure 3.19). The DFT calculations indicate that 2,2'-BA/Cu(111) is more stable than 10,10'-BA/Cu(111) by around 290 meV. Our DFT results suggest that both adsorbed phases could then coexist on the surface, even at ambient temperature.

proposed a reaction pathway based on preferable 2 , 2 '

 22 sites dehydrogenation as the first step for radicals formation to catalytic role effect of the Cu(111) surface without ignoring the 10-10' sites as possible activation sites for the reaction. Following their mechanism schemes our two molecules PBA and CPBA were designed by adding nitrogen-based functions on 10-10' sites with the aim to make long nanoribbon that extends in the 2D dimension by lateral metal coordination bonding. Before thermal annealing, each of PBA and CPBA molecules results in nearly the same 2D extended supramolecular networks on both Cu(111) and Au(111) surfaces. Noticeably also the driving force governing is an intermolecular T-shape π-π stacking taking place between the Nitrogen atoms of a lateral group of each molecule and a central phenyl ring of an anthracenyl subunit of an adjacent molecule. This shows that N-based groups are completely involved in the network formation by staying collinear to the center of the molecules (no bending toward the surface) and far from the surface insuring undoubtedly the absence of N-metal coordination that can limit the molecular diffusion on the surface. In terms of molecule-surface interaction, we have in the case of our three versions of molecules one extremity of each anthracenyl subunit, precisely the rings owning the 2,2' sites, pointing toward the surface hence if the radicals are formed they can be stabilized on the surface. Perchance, all thermal annealing attempts of PBA and CPBA supramolecular networks on Cu(111) resulted into only nonlinear and disordered nanostructures. The nonlinearity can only be explained by the absence of bi-radicals' formation,
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 320 Figure 3.20.
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 321 Figure 3.21: Schemes of thermal-induced cyclodehydrogenation of PBA and CPBA molecules. The starting PBA and CPBA molecules have a 3D cross-shaped core (i.e. bianthryl core), the corresponding bisanthene cores (Flat-PBA and flat-CPAB) are flattened.
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 322323 Figure 3.22: CPK model comparing CPA molecule before and after thermal annealing. A relative drop-down of the distance between the center of the molecule and the Au(111) surface after thermal annealing of a value e = 0.24 nm is deduced.

Figure 3 .

 3 Figure 3.24: a) STM images crop (4 nm x 4 nm) showing Y-shaped assembly of nanostructures obtained after thermal annealing on Au(111) surface of : a) PBA (Vs = -1.8 V, It = 10 pA) and b) CPBA (Vs = -2.0 V, It = 7 pA). c) Supramolecular model representing a Y-shaped coordination of three flat-PBA (left) or flat-CPBA (right), respectively. The lateral Nitrogen atom of each molecule point on a gold ad-atoms of the surface (Red dot: Au ad-atom).

Figure 3 . 25 : 77 III. 5 Conclusion

 325775 Figure 3.25: STM images crop showing cross-shaped assembly of nanostructures obtained after thermal annealing on Au(111) surface of : a) PBA (4 nm x 4 nm,Vs = -1.8 V, It = 10 pA) and b) CPBA (5 nm x 5 nm,Vs = -2.0 V, It = 10 pA). c) Supramolecular model representing a cross-shaped coordination of three flat-PBA (left) or flat-CPBA (right), respectively. The lateral Nitrogen atom of each molecule point on a gold ad-atoms of the surface (Red dot: Au ad-atom).

Figure 4 . 2 :

 42 Figure 4.2: On surface radical polymerization reactions: a) Local tip initiated polymerization of pre-organized diacetylenes on HOPG surface to generate poly(diacetylene) (PDA), which can be terminated at predefined defect sites. 15 b) UV light induced polymerization of a maleimide monomer to give saturated polymaleimide (PMI) chains.[START_REF] Para | Micrometre-Long Covalent Organic Fibres by Photoinitiated Chain-Growth Radical Polymerization on an Alkali-Halide Surface[END_REF] 

4 . 3 .

 43 figure 4.3. The corresponding length following the alkyl chains direction is 3.6 nm. Carbon atoms are outlined by grey color, hydrogen by white color, oxygen by red color, and nitrogen by blue color.

Figure 4 . 3 :

 43 Figure 4.3: CPK models (Grey: Carbon, White: Hydrogen, Red: Oxygen and Blue: Nitrogen) of the a) 1,4-di(4',4"-pyridyl)-2,5-bis(decyloxy)benzene (PDB-OC10) and b) the 1,3,5-tri(4"cyano-4,4'-biphenyl)benzene (TCPB) molecules, respectively.

  -10 mbar range, until 800 °C. Then, we flash the sample several times, by increasing temperature until 1150 °C which allows the elimination of any impurities by removing some of the top atomic layers. The following step consist on a thermal annealing at 850 °C during 1 hour, where the boron atoms migrate to occupy around one third atomic sites of the layer under the silicon adatoms of the surface. This reconstruction is the Si(111)-B √3x√3 R30° or simply Si(111)-B 83 surface which is presented in detail in chapter II (pages 46-47). The achievement of the Si(111)-B surface reconstruction as well as its cleanness is checked by STM scanning, repeating preparation of the sample starting from flashing step (already degassed) can be done until obtaining large scale images of large areas with minimum defects and free of impurities as presented in figure 4.4.
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 4484245 Figure 4.4: High resolution STM image 40 nm x 40 nm, (Vs = 2.0 V, It = 10 pA, T = 110 K) of the reconstructed Si(111)-B √3x√3 R30° surface.After verifying the cleanliness of the surface, molecules where deposited from quartz crucibles while sample is placed on manipulator in front and held at RT. Furthermore, sample is transferred then to STM head and cooled down to 110 K before acquiring images. Sublimation temperature for PDB-OC10 molecule is 438 K and for TCPB is 463 K.

Figure 4 .

 4 5a represents large-scale supramolecular network of PDB-OC10 molecules on Si(111)-B surface with a molecular coverage approximately close to 0.7 ML, preserving Si(111)-B surface partially uncovered. The surface is covered by wellorganized long bright stripes which form an arrangement of aligned pairs of bright protrusions that are following three preferential directions separated by a rotation angle of 120°. Across the bright supramolecular lines, rod-like features with a lower STM signature-contrast are laterally arranged. A zoomed area of the network presented in Figure 4.5b (corresponding to black dashed square Figure 4.5a) highlights a close view of the repetitive units which construct the formed PDB-OC10 supramolecular network allowing to achieve precise measurements. The measured length of a paired disjoint bright protrusions is 1.5 ± 0.15 nm and the distance between two extremities of rod like features across the double bright protrusions is equal to 3.76 ± 0.35 85 nm. The combination of these features form a cross-shaped unit pattern, contoured by black colour in Figure 4.5b, is in agreement with the two typical dimensions of PDB-OC10 molecule.
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 4622 Figure 4.6: STM images of the same supramolecular network area (40 nm x 40 nm, Vs = -1.3 V, It = 7 pA, T = 110 K) of PDB-OC10 on Si(111)-B surface recorded in the row a) at 3:35 pm and b) at 4:42 pm, respectively. The lateral chains of the molecules on the edge of the network from the side of uncovered area of Si(111)-B seems to appear and disappear during scanning as highlighted with white ellipses on both images.
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 47 Figure 4.7: a) STM image captured while changing bias voltage during the scan shows significant modification of network at -4.5 V (60 nm x 60 nm, Vs = variable values shown on image, It = 7 pA, T = 110 K).

Figure 4 . 8 :

 48 Figure 4.8: a) Two STM images (50 nm x 50 nm, Vs = -1.3 V, It = 7 pA, T = 110 K) showing the same zone referenced by the yellow dashed shapes pointing on non-covered parts of the Si(111)-B surface. a) intact network is presented. b) image reveals the complete destruction of the network after scanning at Vs = -4.5 V and It = 750 pA.

Figure 4 .

 4 8a) by the non-destructive voltage of -1.3 V. All PDB-OC10 covered zone is affected while the uncovered zone of Si(111)-B surface is still recognizable, as outline by white dashed shapes of departure at Figure 4.8b.In this manner, we have proved the ability to induce destructive transformation of the PDB-OC10 molecule locally inside a scanned zone by STM tip with an efficiency of almost 100%.

Figure 4 .

 4 9a. The STM image of the same zone acquired right after applying vectors is presented in Figure 4.9b which clearly shows local destruction of the network only where voltage vectors were applied.

Figure 4 . 9 :

 49 Figure 4.9: a) STM image (25 nm x 25 nm, Vs = -1.8 V, It = 7 pA, T = 110 K) representing part of the network before applying locally vectors (red arrows) in omicron atom manipulation mode at bias voltage -4.5 V while regulation loop is maintained on to control current at 750 pA. b) STM image (25 nm x 25 nm, Vs = -1.8 V, It = 7 pA, T = 110 K) showing the same zone affected only where the vectors are applied.

  )-B surface. Since we induce network destruction by applying corresponding bias voltage that results in the disappearance of the cross-shaped STM feature attributed to PDB-OC10 molecule, it suggests possible chemical transformation leading to the formation of new nanostructures. Many intact areas, each of 50 nm x 50 nm, of PDB-OC10 supramolecular network, were scanned at -4.5 V. Then, the STM tip was moved to another intact zone of the network (Figure 4.10a) and left to scan at -1.3 V (non-destructive voltage). During scanning, the uncovered area of the Si(111)-B surface starts to fill with rod-like features until it gets fully covered. The newly formed nanorods are packed into domains where they stack parallel next to each other. These domains are highlighted in Figure 4.10b by black dashed shapes and follow preferentially three directions rotated by an angle of 120°.

Figure 4 .

 4 Figure 4.10: a) STM image (25 nm x 25 nm, Vs = -1.3 V, It = 7 pA, T = 110 K) representing an nano-pore inside the supramolecular network. b) The same nano-pore fully filled with rod-like structure released by STM tip during scanning.

Figure 4 .

 4 Figure 4.11a represents a large scale STM image (50 nm x 50 nm) of a fully filled zone of the network nanopores with nanorods after being scanned for a certain time. In order to verify the releasement of observed nano rods in local scan zone, we increase the scanning scale as shown in Figure 4.11b. The previously observed filled zones are highlighted by a dashed square while the surrounded outer areas of PDB-OC10 supramolecular network on Si(111)-B remained clearly intact. Therefore, the filling of uncovered area inside network by nanorods occurs only under STM tip indicating material's transfer process taking place between the tip and the surface. On the other hand, a statistical size distribution analysis (Figure 4.12), performed on twenty STM images including total number of 353 observed nanorods, shows that we have a Gaussian repartition around the mean value of 2.1 ± 0.2 nm.

Figure 4 .

 4 Figure 4.11: a) STM image (50 nm x 50 nm, Vs = -1.3 V, It = 7 pA, T = 110 K) of fully filled zone by oligomers during scanning. b) STM image (80x80 nm 2 , Vs = -1.3 V, It = 7 pA, T = 110 K) at larger scale where the dashed inset is the same zone shown in image a) where the outer network holes remains empties.

Figure 4 . 12 :

 412 Figure 4.12: Statistical analysis of the size distribution involving a total number of 353 nanorods from 20 STM images. The size repartition is centered at a length of 2.1 nm.

Figure 4 .

 4 13a represent an empty nanopore of PDB-OC10 supramolecular network where tip was left to scan. When few nanorods were deposited onto the surface (highlighted by white dashed arrow in white ellipse), we notice tip-instabilities during the scan pointed out by two white arrow in Figure 4.13b. These instabilities being short (few lines of scanning) indicate the diffusion of molecules along the STM tip toward the Si(111)-B surface.

Figure 4 .

 4 Figure 4.13: a) STM image (30 nm x 30 nm, Vs = -1.3 V, It = 7 pA, T = 110 K) of network. b) STM image (30 nm x 30 nm, Vs = -1.3 V, It = 7 pA, T = 110 K) showing tip instabilities (indicated by white arrows) after deposition of alkyl dimer onto the surface (white dashed arrow in white ellipse).

Figure 4 .

 4 14) and remained tip scanning at -1.3 V. The first image of Figure 4.14 (left panel) shows the formation of rod-like features with 2.4 ± 0.2 nm length. Then in the second image (right panel) registered after 40 min, longer lines of 5.6 ± 0.5 nm are observed and finally, the third image acquired after 10 min shows a long stripe with a length of 7.4 ± 0.7 nm. In contrast to previous experiment involving a larger amount of molecule (section 2.3.1) where the uncovered area of Si(111)-B surface (Figure 4.10) was totally filled with nanorods of similar length (2.1 ± 0.2 nm), we observe step-by-step increasing of the nanorod's length from 2.4 nm to 7.4 nm without filling the entire uncovered area of the Si(111)-B surface (Figure 4.14). 93

Figure 4 . 14 :

 414 Figure 4.14: Three STM images (10 nm x20 nm, Vs = -1.3 V, It = 7 pA, T = 110 K) showing the growth of rod-like structure in a nanopore.

Figure 4 .

 4 Figure 4.15: a) STM image (20 nm x20 nm, Vs = -1.3 V, It = 7 pA, T = 110 K) of the supramolecular network (one alkyl chain of entire PDB-OC10 molecule surrounded by blue rectangle) with some deposited rods (surrounded by red rectangle). b) Profile along a C10 alkyl chain of an entire PDB-OC10 molecule (blue) and a deposited nanorod (red). They differ only by their length.

Figure 4 .

 4 Figure 4.16: a) STM image (20 nm x 20 nm, Vs = -1.3 V, It = 7 pA, T = 110 K) after dissociation of PDB-OC10 molecules. Two bright spot attributed to PDB-OC10 core without any lateral chains are surrounded by a white circle.

  )-B surface inside uncovered area of the PDB-OC10 molecules. The result is a full coverage of the area by mostly C20 alkane oligomers, as presented in Figure 4.17a. The second case, consists in reducing the amount of the alkyl radicals stocked on STM tip by applying destructive local voltage vectors on a limited number of PDB-OC10 molecules. In consequence, the initial uncovered area is partially filled with a noticeable increase in the size of formed alkyl chains and co-presence of oligomers of different size such C20, C50 and C60, as illustrated in the model of Figure 4.17b.

Figure 4 . 17 :

 417 Figure 4.17: Representative models illustrating the formed alkane oligomers depending on the density of radicals carried by the STM tip. a) Case of a high density of radicals leading to full coverage of the area enclosed by PDB-OC10 molecules by only C20 chains. b) Case of a low density of radicals resulting in the formation of longer alkanes (C50, C60) by consuming the stock of radicals without filling the whole area.
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 418 Figure 4.18: Determination of dissociation energy of the PDB-OC10 molecule in gas phase through the breaking of C-O bonds at DFT/PBE0/vdW/6-31G** level. The dissociation energy reported on the figure corresponds to the simultaneous breaking of two C-O bonds in the molecule.

Figure 4 . 18 .

 418 Dissociation of C-O bonds on the aliphatic side requires less energy (7.2 eV) than on the aromatic side (10.7 eV) by 3.5 eV.
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 41998420 Figure 4.19: The density of states (DOS) and the projection (PDOS) profiles of the system where the PDOS of aromatic (CC) and aliphatic carbon atom (CH) include contribution from both regions around O moiety, all projections are multiplied by 40.
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 44 20a shows optimized geometry of the neutral PDB-OC10 molecule adsorbed on the Si(111)-B surface revealing a relatively stable adsorbed state with a calculated adsorption energy (EPDB-OC10 + ESi(111)-B -E PDB-OC10/Si(111)-B) equal to 5.5 eV/molecule. Therefore, Figure 4.20b shows the optimized geometry of the phenoxide moiety on Si(111)-B surface with a corresponding calculated adsorption energy (Ephenoxide + ESi(111)-B -E phenoxide/ Si(111)-B) of 3.0 eV which indicate relatively less stability comparing the neutral PDB-OC10 molecule. Discussion and result analysis In our setup (Omicron VT-STM XA) when a negative voltage is applied the current flows from the substrate toward the tip. Dissociation of the molecule occurs while applying a bias voltage equal to -4.5 V suggesting that one or several electrons from the valence band of the Si(111)-B surface is transferred to a low-lying energy empty state of the PDB-OC10 molecule adsorbed on the surface.

Figure 4 . 21 :

 421 Figure 4.21: DEA process by electron attachment leading to the formation of a radical-anion at Vs < -4.5 V. C-O bond cleavage leading to the formation of a phenoxide anion and an alkyl radical. The combination of these two steps is the initiation step of the radical oligomerization of alkyl chains.

Figure 4 . 22 :

 422 Figure 4.22: Propagation of the radical oligomerization. A chain-transfer reaction of radical leads to the growth of the length of produced alkanes.

  and 4.12) that fill the total uncovered area of the surface. In the case of less released radicals, evolution of the size of formed oligomers was observed until it reaches the length of 7.4 ± 0.7 nm corresponding to a C60 chain (seeFigure 4.14). From a reaction mechanism point of view, the big number of available radicals' raise the probability of their collision to react into a stable dimer. When a smaller amount of alkyl radicals is released inside a nanopore, the probability of radicals crossing decreases and the collision could happen with already formed oligomers that become oligo-radical due to a hydrogen transfer reaction. These two mechanisms constitute the propagation step of the reaction as described in Figure4.22.During the polymerization process leading to the formation of long alkane, the size of the resulting chains depends on the termination reaction. Since we work under UHV, residual H2 gas quantity is very low implying the elimination of a termination step that involves a reaction between hydrogen and radicals. Thus, only termination by two types of side reactions as presented in Figure4.23 can occur explaining reasonably the modest size of the observed final alkanes.

Figure 4 . 23 :

 423 Figure 4.23: Termination of the radical oligomerization by two main mechanisms: combination between two radicals or disproportionation.

Figure 4 .

 4 Figure 4.24a. We note that the TCPB network has a unit cell of dimension 7√3 × 7√3 nm 2implying that the assembly is commensurable with the surface, as presented in figure4.24a.

Figure 4 .

 4 Figure 4.24: a) High resolution STM image (20x20 nm 2 , Vs = 2.5 V, It = 10 pA, T = 110 K) of TCPB supramolecular network on Si(111)-B surface. b) Zoomed area of the network (12x7 nm 2 ) where 2 types of nanopores are identified: first contains inside 7 silicon adatom highlighted by red hexagons and second type contains 3 silicon adatom inside highlighted by white triangles. The repetitive unit pattern formed of six disjoint protrusions is outlined by blue three armed shape with a mesured distance of 2.3 nm between two extremities. c) Proposed supramolecular network model build-up TCPB molecules where two nanopores shapes arerecognizable and highlighted by corresponding shape.[START_REF] Baris | Noncovalent Bicomponent Self-Assemblies on a Silicon Surface[END_REF] 

Figure 4 .

 4 Figure 4.26: a) STM image (8x5 nm 2 , Vs = -2.5 V, It = 10 pA, T = 110 K) of disjoint protrution inside triagulare nanopore of TCPB network. Corresponding models attribute protrusion to vertically adsorbed single C10 radicals by pointing active site to a silicon adatom. b) STM image (8x5 nm 2 ) of disjoint open ring structure inside hexagonal nanopore of TCPB network. On the right a model showing curved dimer chain corresponding to observed feature. c) STM image (8x5 nm 2 ) of closed ring feature inside hexagonal nanopore of TCPB network. on the right side, corresponding models where to close ring we attribute a cyclic closed C20 chain.

Figure 4 .

 4 Figure 4.26b represent the open ring feature and the associated molecular model within an interposed curved C20 chains. The closed ring feature which is found frequently in the hexagonal nanopore can be attributed to a cyclic closed C20 chain which is in good agreement with the measured diameter on STM images. The corresponding proposed model in Figure 4.26c shows a cyclic C20 chain laying on the six silicon adatoms surrounding the central uncovered adatom inside the nanopore.

Figure 4 . 27 : 107 IV. 6 Conclusion

 4271076 Figure 4.27: Representative illustration of Si-C bond forming when alkyl radical is brought close to Si adatoms of Si(111)-B surface due to charge transfer ensuring repopulation of the dangling bond DB.

Figure 4 . 28 :

 428 Figure 4.28: Complete reaction of STM tip induced C-O bond activation and cleavage followed by oligomerisation of the ensuing alkyl radicals on a Si(111)-B √3x√3 R30° surface.

  temperature was dropped instantly to around 950 °C, then decreased gradually by adapting a rate of 10 °C/min until 750 °C. Below 750 °C, we cut the current rapidly and let the sample cool down. Since we use a pyrometer to control sample temperature, this method ensures samples exposure at 850 °C, where the Si(111)-7x7 surface reconstruction occurs. The sample was then moved to the STM head and scanned to control the state of the surface as well as its cleanliness, as shown in the large-scale STM image of Figure 5.1.

Figure 5 . 1 :

 51 Figure 5.1: High resolution STM image (40x40 nm 2 , Vs = 1.4 V, It = 30 pA) of the reconstructed Si(111)-7x7 surface acquired at room temperature directly after preparation.

Figure 5 . 2 :

 52 Figure 5.2: Datasheet certifying the quality of the used N2 gas and listing chemical and physical properties as well as all impurities quantities contained inside the gas.

Figure 5 . 3 .

 53 The two STM images of Figure 5.3a,b shows the same zone of the clean Si(111)-7x7 surface before deposition where the first image (Figure 5.3a) corresponds to the empty states ES and the second image (Figure 5.3b) represents the filled states FS. Moreover, the STM images of Figure 5.3c,d represent a zone of the Si(111)-7x7 surface after exposition to N2 gas at 10 -5 mbar during 30 min, where we can see a clear alteration of the surface in comparison to its initial state. An inspection of the Si(111)-7x7 surface based on highly resolved STM images of a zoomed area (15 nm x 15 nm) captured at

Figure 5 . 3 :

 53 Figure 5.3: STM images of the clean Si(111)-7x7 surface before and after exposition to N2 gas during 30 min at 10 -5 mbar. a,b) two STM images of the same zone (50 nm x 50 nm) of clean surface: a) Empty state ES (Vs = 2.0 V, It = 200 pA) and b) Filled state FS (Vs = -1.5 V, It = 200 pA). a,b) two STM images (50 nm x 50 nm) of Si(111)-7x7 surface after exposition: a) ES (Vs = 1.5 V, It = 200 pA) and b) FS (Vs = -1.5 V, It = 200 pA).

Figure 5 . 4 : 115 V. 2 . 2 Figure 5 . 5 :

 541152255 Figure 5.4: a,b) Two zoomed STM images (15 nm x 15 nm) of Si(111)-7x7 surface after exposition to 10 -5 mbar of N2 gas during 30 min: a) ES (Vs = 1.5 V, It = 200 pA) where a chosen unit cell reveals the extinction of 3 adatoms in the un-faulted cell UFC (black triangle) and one adatom in the faulted cell FC. b) FS (Vs = -1.5 V, It = 200 pA) where the same unit cell in which one rest atom inside the FC extinct in addition to the adatoms determined based on ES image. c) Schematic representation of the observed extinct atoms and adatoms observed in the chosen unit cell.

Figure 5 . 7 :

 57 Figure 5.7: Plot of the extinct adatoms for Si(111)-7x7 exposure to N2 at various pressures for a fixed time of 30 min. The density of extinct Si adatoms increases starting from a threshold N2 pressure of about 10 -6 mbar and reaches a saturation value of 36 % of the total available surface adatoms. The experimental data (black circle) are fitted with the red line.

3 )

 3 Eq.5.2)  V: rate of the reaction (s -1 )  [N2]: density of N2 molecules on the surface  α: order of reaction with respect to N2  [Si]: surface density of silicon adatoms  β: order of reaction with respect to N2 Since the pressure is maintained constant and only time change, this means that the flux of N2 is stable resulting in a constant density [N2], thus we can define an apparent rate constant Kapp: 𝐾 𝑎𝑝𝑝 = 𝐾[𝑁 2 ] 𝛼 (Eq.5.If we replace Kapp in the rate equation, we obtain the following form only dependent on the density of silicon atoms of Si(111)-7x7: 𝑉 = 𝐾 𝑎𝑝𝑝 [𝑆ⅈ] 𝛽 (Eq.5.4)

  By considering, the three possible orders of reaction and their corresponding equation forms, using the experimental values of the density of silicon adatoms, three different curves were plotted, as presented in the graphs in Figure5.9. Since the equation at each order should satisfy the quantity Kappt, a fit of the experimental points with linear regression for each order should Chapter V: 119 help to reveal the N2 dissociation reaction order by comparing the associated regression factors R 2 . We have found the greatest regression factor equal to 0.9924 in the case of order 2 reaction compared to 0.9006 and 0.9691 for order 1 and 0 reactions respectively. Consequently, the reaction is of second-order (β = 2) and the apparent rate constant Kapp corresponds to the coefficient of regression line which is equal to 0.0048 min -1 .

Figure 5 . 9 :

 59 Figure 5.9: Plots of the reaction rate at different exposition time 't' of the Si(111)-7x7 surface to 5x10 -6 mbar of N2 gas using different order equations: a) order 0, b) order 1, and c) order 2. In each case, the experimental values were fitted with linear regression, and the greater regression factor (0.9924) corresponds to a reactional order equal to 2.

Figure 5 .: 120 Figure 5 . 10 :

 5120510 Figure 5.10a shows a wide range XPS spectrum of the Si(111)-7x7 surface after preparation, where only Si(2s), and Si(2p) peaks are present, revealing the cleanliness of the surface. Then, N2 gas was injected at RT for 30 minutes under a pressure of 2x10 -5 mbar. XPS spectrum after gas exposition presents one new peak N(1s), highlighted by a red circle, indicating the presence of nitrogen compound on the surface, as shown in Figure 5.10b. The enlarged representation of the N(1s) peak, illustrated in the inset of Figure 5.10b, reveals an asymmetric broadened band

Figure 5 . 11 :

 511 Figure 5.11: N 1s core-level spectra for an exposition of Si(111)-7x7 to N2 gas during 30 minutes at RT under a pressure of 2x10 -5 mbar. The total signal is separated into three components each having a full width at half maximum (FWHM) equal to 1.6 eV: A1, A2, and A3.

Figure 5 .: 122 Moreover, Figure 5 .

 51225 Figure 5.12: a) N(1s) core level spectra obtained upon thermal annealing at 800 K for 30 minutes. Only one indecomposable peak (FWHM = 1.5 eV) remains with a binding energy of 397.55 ± 0.1 eV corresponding to atomic N triply bonded to the silicon surface. b) Plot of nitrogen core levels before (red line) and after (blue line) annealing for comparing the two peak areas. Circles represent the experimental data.

considered a vacuum region of 15 Å: 123 Figure 5 . 13 :

 15123513 Figure 5.13: Calculated adsorption energy at different adsorption sites of the Si(111)-7x7 surface: a) optimized geometries, b) forced geometries (distance surface-molecule equal 2.0 Å).White: Hydrogen atom, grey: Silicon atom, and blue: Nitrogen atom.

Figure 5 . 14 :

 514 Figure 5.14: The projected density of states (PDOS) profiles of the N2 in gas phase and the N2 adsorbed on Si(111)-7x7 (dN2/surf = 2.0 Å) in case of each possible adsorption conformation.

  components. The main component (A3) has a binding energy of 397.65 ± 0.1 eV and represents 64.89 % of the coexisting species on the surface is attributed to Si3N species. The two other components, A1 and A2, at 398.64 0.1 eV and 400.09 0.1 eV, respectively, correspond to intermediate species, partially dissociated N2 molecules, grafted onto Si(111)-7x7 surface.

Figure 5 . 15 :

 515 Figure 5.15: Molecular orbitals of N2 molecule indicating that the LUMO is essentially formed of antibonding orbitals at the lower energy levels.

Figure 5 . 16 .

 516 According to the Maxwell-Boltzmann distribution, only a fraction of N2 molecules incident on the surface will have the necessary kinetical energy to overcome the dissociation barrier at room temperature. Any increase in pressure, on the other hand, increases the absolute number (but not the fraction) of N2 molecules with sufficient energies. This relatively low thermal energy collision of N2 with the surface is sufficient to promote electron transfer to π*-antibonding orbitals of N2, thereby weakening the N-N bond. As shown in Figure 5.16, the N2 triple bond cleaves on the surface and bonds to the silicon atoms of the surface via a facile collisional dissociation. At room temperature, several adsorbed intermediate coexist, yet after thermal annealing at 800 K uniquely Si3N species are detected by XPS experiments indicating the full dissociation of N2. The investigation of the ability of Si(111)-7x7 for efficient synthesis of ammonia is currently in the proceeding.

Figure 5 . 16 :

 516 Figure 5.16: Representative illustration of the thermal collisional Nitrogen N2 dissociation on the Si(111)-7x7 surface. Note:presented intermediates adsorbed on Si(111)-7x7 are proposed for illustration purpose and not based on elemental study. Only Si3N component is approved by our XPS experiments.

Figure 6 . 1 :

 61 Figure 6.1: Summary diagram of the key findings concerning the study of functional GNRs onCu(111) and Au(111) surfaces.

Figure 6 . 2 :

 62 Figure 6.2: Summary diagram of the key findings concerning the study of tip-induced radical oligomerisation reaction on Si(111)-B surface.

Moreover, experimental analysis

  by X-ray photoemission spectroscopy of the modified surface indicated the presence of three different N-based components coexisting on the surface, confirming the dissociation of N2 molecules. According to literature data, only one component which is dominant could be identified as Si3N. The two other components were attributed to partially dissociated N2 intermediate states bonded to the Si(111)-7x7 surface, especially that they transform in their totality into Si3N (no desorption) upon thermal annealing at 800 K. from density functional theory, we suggest that a relatively low thermal energy collision of N2 with the surface facilitates the transfer of electrons from the Si(111)-7x7 surface to Π* antibonding orbitals of N2, which greatly weakens the N2 bond, leading to easy dissociation of the N2 triple bond on the surface at room temperature and low gas pressure. All the described key findings relative to this work are summarized in figure6.3.

Figure 6 . 3 :

 63 Figure 6.3: Summary diagram of the key findings concerning the study of collision-induced dissociation of N2 inert molecules on a Si(111)-7x7 surface.
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  ) surface and the formation of irregular networks with high defect density usually occurs. Therefore, the properties of the metal surface have a clear influence on the process of bottom-up growth. In summary, the two main factors are the mobility of precursor molecules and the reactivity of the surface. A highly reactive surface lowers the dehalogenation barrier but cannot provide sufficient diffusion, whereas an inert surface allows molecules to diffuse freely but may require an additional temperature to activate the dehalogenation process. In

surfaces, intrinsic atoms disrupt the bonding step, where SSRs form intermediate organometallic complexes (protopolymer) based on carbon-metal-carbon bonds. Additional heat treatment is required to release the metal atoms and convert the metastable organometallic bonds into irreversible covalent bonds. The generally accepted picture on the relatively inert Au(111) surface is that SSRs diffuse around and form covalent bonds upon collision. Therefore, the most acceptable scenario would be to directly establish covalent bonds, bypassing the intermediate organometallic state. This suggests that the coupling reaction is kinetically controlled on the Surface as active support for on-surface synthesis Chapter I: 17 Au(111addition, more reactive surfaces enhance interactions with adsorbed precursors and can direct competitive reaction pathways. Pinardi et al. reported that aromatic hydrocarbons tend to undergo intramolecular cyclodehydrogenation on highly reactive surfaces such as Pt(111),

  (111) surface, it has been proven that proposed mechanism additionally rendered chiral (3,1)-GNRs on Au(111) and Ag(111) surfaces, following a conventional Ullman coupling followed by cyclodehydrogenation reactions. Indeed, activation of radical species at 2,2' sites of the utilized molecular precursor by Oteyza et al. proved that this mechanism could provide longer GNRs of maximum 30 nm length and open possibility towards lateral functionalization at 10,10' sites.

[START_REF] De Oteyza | Substrate-Independent Growth of Atomically Precise Chiral Graphene Nanoribbons[END_REF] 

proposed a novel method to obtain

(3,1) 

GNRs in more efficient way, independently of underlying substrate, based on molecular precursors that possess brominated 2,2' sites, instead of previously reported 10,10' sites which is presented as molecular precursor 2 in Figure

3

.1b. As positions 2,2' were selectively 50 activated upon Cu

  table of Figure 5.6. Using this data, the curve representing the evolution of extinct adatoms percentage in function of the pressure was plotted, as shown Table of statistical values of the density of silicon adatoms upon exposition of the

	P (mbar)	10 -6	3x10 -6	5x10 -6	10 -5	5x10 -5
	Extinct adatoms (%) 0	4.5	17	36	35.5
	Figure 5.6: Si(111)-7x7 surface to different pressures of N2 gas during a fixed time equal to 30 minutes.
	in Figure 5.7.					
			116			
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Until here, we have studied the different networks that PBA and CPBA molecules form on Cu (111) and Au (111) surfaces, respectively. Thereby, a comparison of molecular autoassembling behaviour depending of undelaying substrate is presented in the Figure 3.13.

Concerning the PBA molecules, two slightly different self-assembled networks are observed on Cu (111) and Au (111) surfaces (see Figure 3.8 and Figure 3.11b). In contrast, the driving force for network formation on both surfaces is a T-shaped π-π stack interaction taking place in between molecules.

Regarding the self-assembled network of CPBA molecules on Au (111) surface (Figure 3.12b), it is strongly pronounced that molecule-molecule interactions play crucial role in governing supramolecular self-assembly of CPBA molecules due to the fact that broadly the same CPBAbased networks are observed onto Cu (111) and Au (111) surfaces (see Figure 3.9 and Figure 3.12).

III.2.3 Thermal annealing of BA, PBA, CPBA on Cu(111) surface

Each single supramolecular network was subsequently annealed from 300 K (RT) up to 773 K from 1 hour to 4 hours. Concerning BA molecules, thermal annealing at 473 K induce the formation of long linear nanostructures with a stemless appearance all along and a measured length up to 17.3 nm as shown in STM images of Figure 3.14a. The zoomed image of Figure 3.13b corresponding to the area outlined by red dashed square in Figure 3.14a shows continuous uniform bright nanolines in accordance with images reported in the literature for chiral (3,1) GNRs. [START_REF] Han | Bottom-Up Graphene-Nanoribbon Fabrication Reveals Chiral Edges and Enantioselectivity[END_REF][START_REF] Sánchez-Sánchez | Purely Armchair or Partially Chiral: Non-Contact Atomic Force Microscope Characterization of Dibromo-Bianthryl-Based Graphene Nanoribbons Grown on Cu(111)[END_REF] 

Chapter IV: Collective radical polymerization on a silicon semiconductor surface triggered by STM tip under UHV

On-surface synthesis constitutes a rapidly growing field grabbing continuously the attention of scientific community due to its fundamental role in the development of novel nanotechnologies.

Indeed, this way is a powerful bottom up route for the fabrication of precisely designed molecular architectures with tailored optical and electrical properties. This approach consists in covalent coupling of molecular entities adsorbed on the surface of metals, semiconductors or insulators, implying a two dimensional confinement of reagents that give access to entirely new reactional pathways compared to solution reactions. [START_REF] Grill | Covalent On-Surface Polymerization[END_REF] Moreover, on-surface synthesis can be realized without solvent enlarging the choice of precursors by employing inaccessible compounds in solution due to solubility issues. [START_REF] Hla | Inducing All Steps of a Chemical Reaction with the Scanning Tunneling Microscope Tip: Towards Single Molecule Engineering[END_REF] Over the last few decades, notably with the arrival of local probe characterization techniques such STM in 1986 and nc-AFM in 1994 allowing sub-molecular monitoring in real space, investigation, and understanding of chemical behavior of molecules surfaces at the nanoscale size became much more efficient. In consequence, a plethora of reported studies presented formation of C-C bond based on the principle of "chemical imprinted reactions" from solution chemistry, mainly developed on catalytically available coinage metal [START_REF] Matena | Transforming surface coordination polymers into covalent surface polymers: linked polycondensed aromatics through oligomerization of N-heterocyclic carbene intermediates[END_REF][START_REF] Sánchez-Grande | Diradical Organic One-Dimensional Polymers Synthesized on a Metallic Surface[END_REF] and insulator 101,[START_REF] Sánchez-Sánchez | Chemistry and temperature-assisted dehydrogenation of C60H30 molecules on TiO2(110) surfaces[END_REF] surfaces. However, silicon semiconductors were circumvented as underlying substrates due to the lack of catalytic effect and their high reactivity that leads to the grafting of molecular adsorbates. On-surface synthesis reactions can be triggered by thermal annealing, UV excitation, or tunneling electrons inside STM junction. The latter form of chemical reactivity 103

The first type of nanopores has a hexagonal shape (red hexagon outline in Figure 4.24b) where seven protrusions can be observed within. The second type of nanopores has a triangular shape (white triangle outline in Figure 4.24b) containing only three protrusions inside it. The repetitive unit pattern constructing the network is a set of six disjoint protrusions that are depicted as three armed-shaped object (outlined by blue colour) with a measured distance between the extremities of two adjacent arms equal to 2.3 ± 0.2 nm (Figure 4.24b).

Given the accordance in terms of shape and dimension, we can attribute these six disjoint protrusions to a TCPB molecule where two disjoint protrusions correspond to one TCPB arm. On the sample where PDB-OC10 molecules were deposited, we dissociate a certain amount of molecules by using the atom manipulation method to apply controlled vectors at -4.5 V and 750 pA. Afterward, the STM tip was transferred to the sample with TCPB supramolecular network and left to scan for a while. During scanning, the empty nanopores begin to be filled by new nanostructures as shown in Similar three types of confined structures that look like the ones obtained in our experiment and presented in Figure 4.25, were observed and reported in the literature. [START_REF] Pavlova | Room-Temperature Propylene Dehydrogenation and Linear Atomic Chain Formation on Ni(111)[END_REF] The ring-like features (open and closed), as well as ordered assembly of bright protrusions, were formed on Ni (111) upon exposition to propylene (C3H3) until saturation while the sample was thermally annealed. Among the most produced chemical compounds, consumption of ammonia NH3 continues to increase year after year, and the current global actual annual production is about 144 million tons. In the past 100 years, ammonia has been mainly used as fertilizer in the agricultural sector because it improves the efficiency of food production and supports a rapidly growing population. In addition, it is also used as a refrigerant, detergent, pesticide, and many other chemical raw materials. [START_REF] Smil | Population Growth and Nitrogen: An Exploration of a Critical Existential Link[END_REF] Today, most countries have set the goal of reducing global carbon dioxide emissions by replacing fossil fuels with green renewable energy sources such as solar, wind, and tidal energy. 124 However, these sources are intermittent and need to be captured and stored inside batteries or in a chemical form to overcome the fluctuation effect in their production. Compared with batteries, the use of chemical forms for storage is more economical and seems to be more advantageous in terms of transportation convenience. [START_REF] Kobayashi | Science and Technology of Ammonia Combustion[END_REF] As a response to this problem, from all potential chemical compounds that can serve as a hydrogen carrier, ammonia has proved its sustainably having a very high hydrogen density (3 hydrogen atoms for each nitrogen atom), and either the ability to fuel combustion systems without hydrogen extraction. [START_REF] Klerke | Ammonia for Hydrogen Storage: Challenges and Opportunities[END_REF] The industrial activation and transformation of N2 to ammonia are carried out according to the well-known Haber-Bosch process, an old process invented about 100 years ago by F. Haber and C. Bosch. This technique requires high pressure (300 atm) and high temperature (800 K) in the presence of an iron-based catalyzer to react N2 and H2 into NH3.

Hence, this reaction consumes about 2% of the world's energy supply and accounts for 1.44% of the CO2 global emission. [START_REF] Kyriakou | An Electrochemical Haber-Bosch Process[END_REF] Indeed, the limiting step of this reaction is the dissociation of N2, from the triple N≡N bond thereof, which is the strongest bond in diatomic molecules. Even with the usage of Fe 127 or other metal-based complex catalyzers [START_REF] Kitano | Electride Support Boosts Nitrogen Dissociation over Ruthenium Catalyst and Shifts the Bottleneck in Ammonia Synthesis[END_REF] that lower the dissociation barrier, the reaction is still highly demanding in terms of energy. Therefore, novel ways towards efficient ammonia synthesis at ambient pressure are being intensively pursued to minimize ammonia production costs and allow more compact manufacturing facilities. Promoting routes for efficient N2 dissociation could be pursued by on-surface synthesis on chemically reactive surfaces monitored by Scanning Tunneling Microscopy under UHV conditions to maintain the

Chapter VI: Conclusion and perspectives

The scope of this thesis was the investigation of new strategies of interfacial chemical reactions on the boundary of solid material. The consideration of the well-defined geometric structure and inherent reactivity of the solid surface which depends on both its own structure and its chemical composition is of big importance. Similarly, the design of the molecular components that come to confront the surfaces is also of equal importance affecting the reaction path and the desired end-products. In addition, the initiation step of each reaction necessits the right choice of an external source of energy to induce the formation of reactive intermediates and manipulate the reaction pathway. These parameters are key factors to take control over the reaction by breaking and creating bonds with high precision at the nanoscale, thus leading to the fabrication of any desired product. All on-surface molecular reactions investigated in this thesis were done under ultra-high vacuum (UHV) conditions and monitored by a scanning tunneling microscope (STM).

VI.1 Thermal-induced fabrication of functional graphene nanoribbons on metal surfaces

Among all nanostructured materials, graphene nanoribbons (GNRs) are 1D graphene stripes that are widely investigated due to their remarkable electronic properties compared to 2D graphene. Thermally-induced reaction using nonhalogenated 9,9'-bianthryl (BA) precursor lead to chiral (3,1)-GNRs, but only on a copper surface. After few controversies, the latest accepted reactional mechanism for the growth of chiral (3,1)-GNRs on a Cu (111) surface suggests first thermal annealing for the generation 2,2'-diradical species through surfaceassisted dehydrogenation. Then, the formed radicals stabilize into organometallic 1D protopolymer on the surface. Further heating gives the targeted chiral (3,1)-GNR as result of ring-closure driven by a cyclodehydrogenation. Most of the reaction intermediates involved in this mechanism have been observed. In our work, we investigated the growth of laterally functionalized (3,1) chiral GNRs by thermal-induced reaction on Cu (111) surface, by modifying 10,10' sites of BA molecule with pyridyl (PBA) or cyanophenyl (CPBA) moieties.

We found that the growth of GNRs is not possible when the 10,10' positions of the starting building blocks are substituted by aryl groups. Supported by DFT calculations, we proposed to complete the commonly accepted reaction mechanism accounting for the growth of (3,1) GNR on a Cu (111) surface to explain this phenomenon. Indeed, a necessary first step implies the dehydrogenation of 10,10' positions of BA molecule upon thermal annealing, then an on-
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The scientific outcome of this thesis is a result of teamwork and wide national and international collaborations, that led to the following list of publications:  Accepted and published: Ce travail s'inscrit dans le cadre de l'étude des réactions chimiques sur les surfaces solides en investiguant quelques cas non étudiés auparavant, contribuant ainsi à l'enrichissement des connaissances dans le domaine. Dans ce contexte, la principale technique utilisée pour l'analyse des phénomènes chimiques de surface est la microscopie à effet tunnel mise en oeuvre dans un environnement d'ultra-haut vide.

Le premier chapitre passe en revue l'état de l'art en mettant en évidence les clés de base des réactions chimiques en surface à travers quelques travaux illustratifs.

Le deuxième chapitre présente brièvement les concepts théoriques de la microscopie à effet tunnel, le montage expérimental utilisé pour mener à bien ce travail, et les différentes surfaces employées.

Le troisième chapitre traite du sujet de l'élaboration de nanorubans de graphène fonctionnels (GNR) sur la surface de Cu (111). La réaction thermiquement induite du précurseur 9,9'-bianthryl (BA) non halogéné sur la surface de Cu(111) conduit à des (3,1)-GNR chiraux. Grâce à nos expériences, nous revisitons le mécanisme de réaction communément accepté expliquant la croissance de (3,1) GNR sur une surface Cu (111) en le complétant par une étape intermédiaire supplémentaire. Ainsi, un résultat corollaire basé sur le schéma complet est proposé en utilisant une surface moins réactive, l'Au (111). Les molécules s'auto-assemblent en un réseau supramoléculaire 2D qui se transforme en un polymère de coordination via une réaction de cyclodéshydrogénation intramoléculaire par recuit thermique. Ceci induit une forte modification de la géométrie de la molécule en agissant sur l'équilibre entre l'interaction molécule-molécule et l'interaction molécule-substrat.

Le quatrième chapitre a été motivé par la rareté des réactions de polymérisation radicalaire en surface malgré l'efficacité de cette approche pour la fabrication de nanofils polymères de longueur étendue. Le chapitre propose une nouvelle méthode pour obtenir des oligomères d'alkyle de manière contrôlée en utilisant des oligomérisations radicalaires en surface déclenchées par les électrons tunnels entre la pointe du microscope à effet tunnel et la surface de Si(111)-B. Nous avons montré que ce transfert d'électrons peut "activer" une séquence conduisant à la formation d'oligomères de distribution de taille définie en raison du confinement en surface des espèces réactives.

Le cinquième chapitre se concentre sur la dissociation de l'azote moléculaire N2 en tant qu'étape réactionnelle critique pour la synthèse de produits à valeur ajoutée. Le chapitre propose une réaction réussie de dissociation de N2 à basse pression et température ambiante sur une surface de Si(111)-7x7. Soutenus par des calculs DFT et des expériences XPS, nous démontrons que la collision à faible énergie thermique des molécules de gaz avec la surface peut favoriser le transfert d'électrons vers les orbitales anti-liantes π* de N2 ce qui affaiblit la liaison N2 et conduit à sa dissociation.

Le dernier chapitre résume les résultats de l'ensemble des travaux de thèse et présente des perspectives pour les futurs travaux.
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